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PREFACE TO PART I. 



The use of Graphical Analysis for the solution of problems 
in construction has become of late years very wide-spread. 
The representation to the eye of the forces which exist in the 
several parts of a frame possesses many advantages over their 
determination by calculation. The accuracy of the figures is 
readily tested by numerous checks. Any designer who fairly 
tries the method will be pleased with the simplicity and 
directness of the analysis, even for frames of apparently com- 
plex forms. Those persons who prefer arithmetical computa- 
tion will find a diagram a useful check on their calculations. 
Being founded on principles absolutely correct, these diagrams 
give results depending for their accuracy on the exactness 
I with which the lines have been drawn, and on the scale by 

^ which they are to be measured. With ordinary care the dif- 

^^ ferent forces may be obtained much more accurately than the 

several parts of the frame can be proportioned. 
'^ It is advisable to draw the figure of the frame to quite a 

large scale, as the lines of the stress diagram are drawn paral- 
lel to the several pieces of the frame. If it is objected by any 
that a slight deviation from the exact directions will materially 
change the lengths of some of the lines, and therefore give 
erroneous results, it may be suggested that just so much 
^ change in the form of the frame will produce this change in 

the forces ; one is therefore warned where due allowance for 
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VI PREFACE TO PAKT I. 

such deformation should be made by the proper distribution 
of material. The comparison of different types of truss for 
the same locality can be made with ease, and the changes pro- 
duced in all of the forces in any frame by a modification of a 
few of its pieces can be readily shown. By applying each new 
principle to a new form of truss, quite a variety of patterns 
have been treated without an undue multiplication of figures. 
The method of notation used was introduced by Mr. Bow, 
in his "Economics of Construction." The diagrams, as here 
developed, are credited in England to Prof. Clerk-Maxwell, 
and the method is known by his name. The arrangement of 
the subjects, the application of the method, and the minor 
details have been carefully studied by the author. A very 
limited knowledge of Mechanics will enable the reader to 
-understand the method of treatment here carried out. 



NOTE TO REVISED EDITION. 



The reception of this Part at the hands of teachers and 
designers^ since its first appearance as a reprint of a series of 
articles in " Engineering News,'* has been so hearty and sus- 
tainedy that it has been thought best to put Eoof-Trusses in a 
uniform dress and agreement with Bridge-Trusses and Aroheb. 
The opportunity has been seized to arrange the material in a 
more systematic order, introduce some additional problems, 
and improve^ as it is thought, in some matters of detail. 

Quite a modification has been made in the way of regarding 
trusses which exert horizontal thrust, and Chapter VIII., 
Special Solutions, is new. The solution by reversal of a diag- 
omd has been used in the author's class-room for several years. 
The concluding example of this chapter will afford a good test 
of the reader's mastery of the preceding principles. 

0. E. G. 

Ann Arbor. Mich.. March 11, 1890. 
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ROOF-TRUSSES. 



CHAPTER I. 



GENERAL PRINCIPLES. 



1. Aim of the Book. — It is proposed, in this volume, to 
explain and illustrate a simple method for finding the stresses 
in all of the pieces of such roof or other trusses, under the 
action of a steady load, as permit of an exact analysis ; to 
show how the wind or any oblique force alters the amount of 
the stresses arising from the weight; to add a device for 
solving some systems of trussing which otherwise appear 
insoluble by the above method ; and to conclude with such 
an explanation of bending moments and moments of resist- 
ance as will make this part reasonably complete for roof 
designing. 

2. Triangle of Forces.— Taking it for granted that, if two 
forces, acting at a common point, are represented in length 
and direction by the two adjacent sides of a parallelogram c a 
and c n. Fig. 2, their resultant will be equal to the diagonal c b 
of the figure, drawn from the same point, — ^it follows that a 
force equal to this resultant, and acting in the opposite direc- 
tion, will balance the first two forces. Hence, considering 
one-half of the parallelogram, we have the well-known propo- 
sition that, if three forces in equilibrium act at a single point, 
and a triangle be drawn with sides parallel to the three forces, 
these sides will be proportional in length, by a definite scale, 
to these forces. The forces will also be found to act in order 



2 ROOF-TKUSSES. 

round the triangle, and must necessarily lie in one plane. If 
the magnitude of one force is known, the other two can be 
readily determined. 

For example": — Let a known weight be suspended from the 
points 1 and 2, Pig. 1, by the cords 1-3, 3-2, and 3-4. Draw 
c b vertically to represent the weight by any convenient scale 
of pounds to the inch. This line will then be parallel to, and 
will equal the tension in 3-4. Draw c a parallel to 1-3, and 
b a parallel to 3-2. Then will the sides of the triangle cba 
represent the forces which act on the point 3, and they will be 
found to follow one another round the triangle, as shown by 
the arrows. 

3. Notation. — A notation will now be introduced which 
will be found very convenient when applied to trusses and 
diagrams. In the frame diagram write a capital letter in 
every space which is cut off from the rest of the figure by 
lines, real or imaginary, along which forces act. See Fig. 2 
and following figures. Thus D represents the space within 
the triangular frame, A the space limited by the external 
forces acting at 1 and 2, B the space between the Une to 2 
and the line which carries the weight. Then let that piece of 
the frame or that force which lies between any two letters be 
called by those letters ; thus, the upper bar of the triangle is 
AD, the right hand bar is B D, the cord to the point 1 is A C, 
that to the weight, or the weight itself, is C B, etc. In the 
diagrams drawn to determine the magnitude and kind of the 
several forces acting upon or in the frames the corresponding 
small letters will be used ; thus c b will be the vertical line 
representing the force in C B, 6 a the tension of the cord B A, 
and a c the pull on 1. 

4. External Forces. — Eeturning to Fig. 1, let us suppose 
that a rigid, triangular frame is made fast to those cords, so 
that, as shown by Fig. 2, the cords are attached to the vertices 
of the triangle, while their directions are undisturbed. It is 
evident that the same stresses still exist in those cords, if 
the frame has no weight, and that the portion of the cords 
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within the triangle may be cut away without destroying the 
equilibrium of this combination. Hence we see that the equi- 
librium of this frame is assured, if the directions of these 
cords, or forces external to the frame, meet, if prolonged, at a 
common point. 

The external forces C B, B A and A C, taken in the order 
C B A, or passing around the exterior of the triangle in a direc- 
tion contrary to the movement of the hands of a watch, give 
the triangle of forces c 6 a, in which c 6 acting in a known direc- 
tion, i.e. downwards, determines the direction of & a and a c in 
relation to their points of application to the frame, since for 
equilibrium, by § 2, they must follow one another in order 
round the stress triangle. 

5. Stresses in the Frame. — Consider the left-hand apex 
of the triangle. This point is in equilibrium under the action 
of three forces, viz., those in A C, C D, and D A, which we read 
around the point in the same order as before ; we found the 
direction and magnitude of A C in the previous section, and 
the inclinations of the othfer two are known. The three forces 
at this joint must therefore be equal to the three sides of a 
stress triangle, as before. 

Begin with A C, the fully known force, and pass from a to c, 
because that is the direction of the action of the force A C on 
the joint under consideration. Next, from c, draw c d parallel 
to C D, prolonging it until a line from its extremity d, parallel 
to the piece D A, will strike or close on a. The stress c d is 
found in C D, and the stress d a exists in D A. The direction 
in which we passed around acd, that is, from c to d, and then 
to a, shows that C D and D A both exert tension on the joint 
where they meet. 

Next take the lowest joint. Remembering again to take the 
three forces in equilibrium here in the order in which the 
external forces were taken, and commencing with the first 
known one, we go, in the stress diagram, from d to c ; because, 
since we have just found that cd represents the pull of C D on 
the left-hand apex of the frame, d c must be the equal and op- 
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posite pull of DC on the lowest joint. Next comes cb, along 
which we pass dovm^ the direction in which the weight acts ; 
and finally we draw from b,bd parallel to the piece B D. This 
last line will close on the point d, if the construction has been 
carefully made, and the direction in which we pass over it, 
fyom b to dj shows that the piece B D exerts tension on the 
lowest joint. If the reader will now run over the triangle 
dba, which must belong to the right-hand joint, he will see 
that the directions just given are again complied with. 

The reader can invert Fig. 2 ; then the weight will press 
down upon the upper apex of the triangle, and he will find, 
upon drawing the stress diagram, that the three external 
forces are thrusts, and that compression exists in each piece 
of the frame. 

6. Second Illustration: External Forces. — In order to 
make these first principles more plain let us take another 
case. Suppose a triangular frame. Pig. 3, to rest against a 
wall by one angle, to have a weight of known amount sus- 
pended from the outer corner, and to be sustained by a cord 
attached to the third angle and secured to a point 2. Since 
this frame is at rest under the action of three external forces 
which are not parallel, their lines of action must, by § 2, meet 
at one common point ; and since the known directions of two 
of these forces, AC and CB, will meet at 4, if prolonged, the 
force exerted on the frame by the wall at 1 must have the 
direction of the line 1-4. The magnitude and kind of the 
two unknown external forces therefore will be found by the 
following construction, observing the rules of interpretation 
already laid down : — 

Draw ac, vertically down, equal to the known weight and 
force AC ; next, from c, a line parallel to the cord and force 
C B, and prolong it until, from its extremity 6, a line may be 
drawn parallel to BA, to strike a. As we went from c to 6, 
and from 6 to a, C B must pull on, and B A must thrust against, 
the frame. 

7. Stresses in the Frame. — ^Take whichever joint is most 
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convenient, for instance the one where the weight is attached ; 
pass down ac for the external force and then, observing the 
order in which the triangle of external forces was drawn, draw 
cd parallel to CP and da parallel to DA. Since cc?, in the 
triangle acd (made up of forces ac,cd, and d a), must represent 
a force acting upwards, C D exerts tension on this joint ; and, 
similarly, d a (not a d) shows that D A thrusts against the same 
joint. 

Take next the joint at 1. Here the reaction, as before as- 
certained, is 6a; next comes ad, the thrust of the piece AD 
against this joint ; and lastly d b, drawn parallel to D B, to 
close on b the point of beginning, shows that D B also thrusts 
with this amount at 1. 

^ 8. Third Illustration. — Once more, suppose that the tri- 
angular frame. Fig. 4, has a weight attached to its lowest 
angle and that the two other points are supported by inclined 
posts. The forces 1-4 and 2-4 must intersect 3-4 at the same 
poini Draw a b vertically downwards, and equal to the given 
weight ; draw b c parallel to 2-4 or B C and c a parallel to 1-4 
or C A. Hence be and ca are thrusts. For the lowest joint, 
after passing down a b for the weight, draw b d parallel to B D 
and d a parallel to D A, thus finding that B D and D A both 
pull on the joint A B, and hence are tension members. As in 
former cases, find d c, which proves to be compression. 

9. General Application. — Since, in Mechanics, the poly- 
gon of forces follows naturally from the triangle of forces, 
being simply a combination of several triangles, the same 
rules will apply when we have to deal with several external 
forces or a number of pieces meeting at one joint. 1°. Draw 
the polygon of external forces for the whole frame, taking 
them in order round the truss, either to the left or right, as 
may seem convenient. 2°. Take any joint where not more 
than two stresses in the pieces are unknown, and draw the 
polygon of forces for it. Treat the pieces and external forces 
which meet at the joint in that order, to the left or right, in 
which the external forces were taken, and begin, if possible, 
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with the first known force, so that the two unknown forces will 
be the last two sides of that particular polygon. 3°. The di- 
rection in which any line is passed over, in going round the 
polygon as above directed, shows whether the stress in the 
piece to which that line was drawn parallel acts towards or 
from the joint to which the polygon belongs, and hence is 
compression or tension. The reader must understand this 
principle in order to correctly interpret his diagrams. 

10. Reciprocal Figures. — Prof. Clerk-Maxwell called the 
frame and stress diagrams reciprocal figures ; for, referring to 
the figures already drawn, we see that the forces which meet 
at one point in the frame diagram give us a triangle or closed 
polygon in the stress diagram, and the pieces which make the 
triangular frame have their stresses represented by the lines 
which meet at one point in the stress diagram. The same 
reciprocity will exist in more complex figures, and it is one 
of the checks which we have upon the correctness of our 
diagrams. 

The convenience of the notation explained in § 3 depends 
upon the above property. * 



CHAPTEB IL 

TBUSSES WITH STRAIGHT RAFTERS; VERTICAL FORGES. 

11. Triangulax Truss; Inclined Reactions. — Suppose 
that the roof represented in Fig. 5 has a certain load per foot 
over each rafter, and let the whole weight be denoted by W. 
It is evident that one-half of the load on the rafter C F will 
be supported by the joint B and one-half by the upper joint ; 
the same will be true for the rafter D F ; therefore the joint 
B will carry J W, the upper joiut J W, and the joint at E JW. 
The additional stress produced id C F by the bending action 
of the load which it carries is not considered at this time, but 
must be noticed and allowed for separately. (See Chap. IX.) 
Taking the external forces in order from right to left over the 
roof, lay off ed, or ^W, vertically, to represent the weight 
ED acting downward at the joint E, next dc equal to JW, 
for the weight D C, and lastly c b for the weight ac B. Call 
e b the load line. 

Let the two reactions or supporting forces for the present 
be considered as a little inclined from the vertical, as shown 
by the arrows B A and A E. Since the truss is symmetrical 
and symmetrically loaded, the resultant of the load must pass 
through the apex of the roof, and, as the two supporting forces 
must meet this resultant at one point, the two reactions must 
be equally inclined. Then, to complete the polygon of ex- 
ternal forces : — as we have drawn ed, dc^ and c 6 in order, 
passing over the frame to the left, — draw next 6 a, up from the 
extremity b of the load line, and parallel to the upward reac- 
tion B A ; and lastly a line a e, parallel to the other reaction 
A E, to close on e, the point of beginning. 

12. Triangulax Truss : Stresses.— While in this truss we 
might find the stresses at any joint, let us begin at B. Here 

7 
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we have equilibrium under the action of four forces, of which 
the two external ones are known. Taking the latter in the 
same order as above, and beginning at c (§ 9, 2°), pass over 
cb downwards and ba upwards; then draw a/ parallel to 
AF, in such a direction that/c, drawn from / parallel to FC, 
will strike c, the point of beginning. Because we passed from 
a to/, AF will pull on the joint B, and as we then passed 
from/ to c, F C will exert a thrust on B. (It is usual to draw 
a/ from a and /c from c till they meet at/; but to determine 
the kind of stress, one must pass over the lines in the direc- 
tions noted.) 

Passing next to the apex of the roof, and again taking the 
forces in the same order, pass down the line d c for the ex- 
ternal force, thence up to / for the thrust c/ and finally 
draw fd parallel to F D, thus determining the thrust of that 
rafter against the top joint. If this line does not close on d, 
the drawing has not been made with care. As all the stresses 
are now found we need not examine the remaining joint It 
may again be noted that we pass over a stress line in one 
direction when we analyze the stresses at the joint at one end 
of the piece to which the line is parallel, and in the reverse 
direction when we consider the joint at the other end of the 
same piece. 

13. Effect of Inclined Reactions. — If the supporting 
forces had been more inclined from the vertical, the point a, 
of their meeting in the stress diagram, would have been nearer 
/ thus diminishing the tension in A F, but not affecting the 
compression in the rafters. The inclination might be so much 
increased that a would fall on / when the piece A F would 
have no stress, the thrust of the rafters being balanced with- 
out it. If a fell to the right of /, a/ would be a thrust. 

14. Triangulax Truss : Vertical Reactions.— If the two 
reactions are vertical, as will be the case when the roof truss 
is simply placed upon the wall, B A and A E, Fig. 6, will each 
be i W, and the point a will therefore be found at the middle 
of e b. The polygon of external forces has closed up and be- 
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come a straight line, but in the analysis it must still be used. 
Thus we pass down ed-\-dc-\-cb for the weights at the joints 
and back over ba-\-ae for the reactions. The rest of the 
diagram follows from § 12. 

The diagrams which the reader draws may be inked in black 
and red, one denoting compression, the other tension, or the 
two kinds of stress may be indicated by the signs + ^.nd — . 

15. King-post Truss.— In the truss of Fig. 7 the rafters are 
supported at points midway between their extremities. Each 
point of junction of two or more pieces is considered a joint 
around which the pieces would be free to turn were they not 
restrained by their connections with other points. Whatever 
stifihess the joint may possess from friction between its parts, 
or from the continuity of a piece, such as a rafter, through the 
joint, is not taken into account, and may add somewhat to the 
strength of the truss. 

In this example, therefore, half of the uniform load on C L 
will be carried at B, and be represented by the arrow B C ; the 
other half together with half of the uniform load on D K will 
make the force C D, and so on, three of the joints carrying 
each one-quarter of the whole load, and the two extreme ones 
one-eighth each. 

On a vertical line lay off g/=^Wy /e = ed = dc = ^W 
and c 5 = -J W ; then 6a = agr = iW, the two supporting forces. 
In the order shown by the arrow, for the joint B we have c b 
external load, ba reaction; then draw al, tension, § 9, 3°, par- 
allel to AL and Zc, compression, parallel to LC. At the 
joint C D the unknown forces now are those in L K and K D. 
Begin with the load dc, following with cZ, the stress just 
found in CL; then draw Zi, compression, parallel to LK, 
and hd, compression, parallel to K D, to close on d. Passing 
next to the joint D E, ecZ is the load, d k the thrust of D K on 
this joint, h i the tension in K I,* and i e, to close on c, is the 
compression in I E. Take next the joint in the middle of the 

* It will be seen that K I is a tension member or tie, and not a post as would 
be inferred from the name given to this truss by old builders. 
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lower tie; we know ik^ kl, and la\ the next stress lies in 
AH; as we have just arrived at a from Z, we must pass back 
horizontally until a line from h parallel to H I will close on f, the 
point from which we started. The remaining line hf is easily 
determined by taking either the joint E F or the one at G. 

It will be noticed that, since the truss is symmetrically 
made and loaded, the stress diagram is symmetrical ; k i must 
be bisected by a Z ; dk and e i must intersect on a I. Atten- 
tion to such points ensures the accuracy of the drawing. 

A truss, Fig. 8, is now submitted, which the reader is advised 
to analyze for himself, as a test whether the principles thus far 
explained are clearly understood. 

16. Wooden Truss with Frequent Joints. — The truss 
represented by Fig. 9, a simple extension of Fig. 7, is one well 
adapted for construction in timber, the verticals alone being 
made of iron. It can be used for roofs of large span. In any 
actual case, before beginning to draw the diagram, assume an 
approximate value for the weight of the truss, add so much of 
the weight of the purlins, small rafters, boards and slates, or 
other covering, as is supported by one truss, and divide this 
total weight by the number of equal parts, such as D I or E L, 
in the two rafters. We thus obtain the weight which is sup- 
posed to act at each joint where two pieces of the rafter meet. 
The weight at each abutment joint will be half as much. If 
the rafter is not supported at equidistant points, divide the 
total load by the combined length of both rafters, to obtain the 
load per foot of rafter, and then multiply the load per foot by 
the dis.tance from the middle of one piece of the rafter to the 
middle of the next, to obtain the load on the joint which 
connects them. Numerical values will be introduced in later 
chapters. 

Draw the vertical load line equal to the total weight, and 
beginning with J c as the load on B from one-half of C H, 
space off the weights cd, de, etc., in succession, closing at p 
with a half load as at b. The point of division a, at the 
middle ot pb, marks off the two supporting forces j? a and a 6, 
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-which close the polygon of external forces. Beginning now 
at B, draw, as heretofore directed, § 9, a 6 c A a for this joint. 
The order of these letters gives the directions of the forces on 
the joint B. Then for the joint C D we have hcdih; for H K 
we have ahika; for DE we have kid elk, etc. Observe 
that, by taking the joints in this order, first the one on the 
rafter, and then the one below it on the tie, we have in each 
case only two unknown forces, out of, at some joints, five 
forces. We repeat, also, the remark that it is expedient, when 
possible, first to pass over all the known forces at any joint, 
taking them in the order observed with the external forces 
when laying off the load line. The rest of the diagram pre- 
sents no difficulty. 

After the stress in N O is obtained, the diagram will begin 
to repeat itself inversely, the stress in O G being equal to that 
in F N. It is therefore unnecessary to draw more than one- 
half of this figure, except for a check on the accuracy of the 
drawing by the intersections which are seen on inspection of 
this diagram. Noting the stresses found in the several poly- 
gons, we see that all the inclined pieces are in compression, 
while the horizontal and vertical members are in tension. 
, 17. Superfluous Pieces. — Sometimes a vertical rod is in- 
troduced in the first and last triangles, where dotted lines are 
drawn. It is evident that this rod will be of no service if all 
the load is assumed to be concentrated on the joints of the 
rafters, and this fact can be determined from the stress dia- 
gram as well. Thus, taking the joint below H, Fig. 9, we 
have three forces in equilibrium ; begin at a in the stress dia- 
gram and pass to h along the line already found for A H ; then 
we are required to draw a vertical line from h and, from its 
extremity, a horizontal line to close on the point a from which 
we started ; the vertical line therefore can have no length. 
All that this vertical rod can do is to keep the horizontal tie 
from sagging, by sustaining whatever small weight is found 
at its foot 

Therefore, whenever there are at a joint but three pieces or 
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lines along which forces can act, and two of these pieces lie 
in one straight line, it follows from the above that the third 
piece must be without stress, and that the first two pieces or 
lines will have the same stress. Thus, LK of Fig. 7 and 
H I of Fig. 9 would have no compression if the external, load 
C D were removed. This fact will often prove of service in 
analysis. 

18. Problem. — Draw the stress diagram for the truss illus- 
trated by Fig. 10, which is supported on a shoulder at the 
wall and by an overhead tie running from the right end. It 
will be convenient to imagine that tie replaced by the inclined 
reaction shown by the arrow at the right, as thus the reaction 
is kept on the right of the load at that joint The reaction at 
the wall will cut the tie where the resultant of the load cuts 
it ; if the load is uniform over the rafter, that intersection is 
at the middle of the tie. 

Next, try this problem with the two inclined diagonals 
reversed, so as to slant up to the right. Notice the upper 
left-hand joint. Compare the two cases, as to difference in 
magnitude and kind of stress. 

' 19. Joints where three Forces are Unknown. — It ap- 
pears impracticable to determine the stresses at any joint where 
more than two forces are unknown. In Fig. 9, we could not 
start with the joint D or at D E ; for we should know only 
the external force or load, and have three unknown stresses to 
find ; therefore our quadrilateral, of which one side is known, 
might have the other sides of various lengths, but still parallel 
to the original pieces of the frame. When the joints were 
taken in the order observed this difficulty was not met with. 

When, in some cases, we find three or more apparently un- 
known forces at a joint we may have some knowledge of the 
proportion which exists between one or more of them and a 
known force, and can thus determine the proper length of the 
line in the stress diagram. An example of such a case will be 
given in Fig. 11. In Chapter VIII. will be found a treatment 
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that is appKcable to certain trusses which otherwise offer diflS- 
culties in solution. 

20. Folonceau or Fink Truss. — Fig. 11 shows a truss 
which is often built in iron. The loads at the several joints 
of the rafters are found by the method prescribed in § 16. 
It will be unnecessary to dwell upon the manner of finding 
the stresses at the joints B, C D, and H K, for which the 
stresses will be ch, ha, ak, ki, hi and id. But when we 
attempt to analyze the joint D E, we find that, with the ex- 
ternal load, we have six forces in equilibrium, of which those 
along E M, M L, and L K are unknown. If we try the joint 
L A we find four forces, three of which are at present unknown. 
We are therefore obliged to seek some otlier way of determin- 
ing one of the stresses. 

It will be seen, upon inspection, that the joint E F is like 
the joint C D ; and it will appear reasonable that N M should 
have an equal stress with IH. We may then expect that 
there must be as much and the same kind of stress exerted by 
M L to keep the foot of the strut N M from moving laterally 
as is found necessary in K I to restrain the foot of I H. 

Returning then to the joint DE, and beginning with ki, 
pass next over id, then de, then draw em, parallel to E M, to 
such a point m, that (having drawn m I until its extremity I 
comes in the middle of what will be the space between em 
and/n, or until m I equals in length i k), the line I k shall close 
on k whence we started. The ties and struts can be readily 
selected by the direction of movement over these lines in 
reference to the joint D E. The remaining joints when taken 
in the usual order of succession offer no difficulty, and the 
other half of the diagram need not be added, unless one de- 
sires a check on the results. 

This truss will be treated again in § 74. 

The polygon which we have just traced, kidemlk, affords 
a good illustration of the rule that the forces which meet at a 
joint make a closed polygon in the stress diagram. The sym- 
metry of the triangles hik and mnl, and their resemblance to 
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klo, are worth noting, and wUl assist one in drawing diagrams 
for trusses of this type. 

21. Cambering the Lower Tie. — Sometimes it is thought 
desirable to raise the tie A O, either to give more height be- 
low the truss or to improve its appearance. The effect on the 
stresses of such an alteration is very readily traced, and one 
then can judge how much change it is expedient to make. 
Let it be proposed to raise the portion A O of the tie to the 
position indicated by the dotted line, and thus to introduce 
such changes in the other members that they shall coincide 
with the other dotted lines in Fig. 11, while the load remains 
unchanged. 

The line c h for joint B now becomes c h\ being prolonged 
until A' a can be drawn parallel to H A in its new position. 
Next come A' i' and i' d ; then we easily draw t' k\ hf l\ V m\ 
m' n\ etc. The struts HI, K L, and M N are the only pieces 
in this half of the truss unaffected by the change ; the amount 
of increase, and the serious increase, of the other stresses for 
any considerable elevation of the lower member can be readily 
seen. 

22. lioad on all Joints. — If one prefers to consider that 
a portion of the weight of the truss, or that a floor, ceiling 
or other load is supported at the lower joints, the load 
may be distributed as in Fig. 12. Here the joints Q B and 
K S carry their share of the weight of the pieces which touch 
these joints, as well as such other load as may properly be 
put there. Each supporting force, if the load is symmetrical, 
will still be one-half the total load, but the two will no longer 
divide the load line equally, nor can the load line be at once 
measured off as equal to the total weight. 

Begin, if convenient, with the extremity H of the truss, and 
lay off hiy ik, feZ,^tc., downwards, ending with op. Passing 
on, around the truss, lay off next the reaction p q upwards, 
equal to one-half the total weight, then qr and rs downwards, 
and finally 8 h upwards, for the other supporting force, to close 
on h. The polygon of external forces, therefore, doubles back 
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on itself as it were, and hp is still the load on the exterior of 
the roof. The diagram can now be drawn, by taking three 
joints on the rafter in succession before trying the joint Q E ; 
when taking that joint remember that there is a load upon it. 
The loads on the horizontal tie cause the stresses in its three 
parts to be drawn as three separate lines, instead of being 
superimposed as in the figures before given. 

A diagram may now be drawn for Fig. 13. The upper part 
of the roof, dotted in the figure, throws its load, through the 
small rafters, on the upper joints of the truss. 

23. Stresses by Oalculation. — It is evident, from inspection of the pre- 
ceding diagrams, that the stresses may be calculated by means of the 
known inclinations of the parts of the trusses. The degree of accuracy 
with which they can be scaled equals, however, if it does not exceed the 
approximation which designing and actual construction make to the theo- 
retical structure. 

24. Distribution of Load on the Joints. — In Unwinds ^' Iron Bridges and 
Roofs" the rafter is treated as a beam continuous over three or more 
supports, and the distribution of the load on the several joints is there 
determined by that hypothesis. That such an analysis may be true, it is 
necessary that all the points at which the rafter is supported shall remain 
in definite positions, usually a straight line. As slight deformations 
of the truss and unequal loading of the joints will prevent the realiza- 
tion of that assumption, a division of the load at any point of a rafter or 
other piece so that the joints at its two ends shall be loaded in the inverse 
ratio of the two segments into which the point divides the piece will best 
represent the case. Uniform loads will be distributed easily by § 16. A 
different distribution of the load, however, if one prefers it, will only re- 
quire a corresponding division 6i the load line. (See Part II., Bridge 
Trusses, Chaps. VIII. and IX.) 
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CHAPTEE in. 

TRUSSES FOR FLAT ROOFS. 

25. Trapezoidal Truss; Equal Iioads. — A consideration 
of the trapezoidal, or queen-post, truss, represented by Fig. 14, 
will bring out two or three points which will be of use in the 
analysis of other trusses. In this case, let us suppose the 
load to be on the lower part, or bottom chord, of the truss. 
In order to separate the supporting forces from the small 
weights on the ends of the truss, and to permit them to come 
consecutively with the other weights in the load line, let us 
draw the supporting forces above the tie, instead of below as 
before. The rectangle formed by the two vertical and two 
horizontal pieces might become distorted ; we will therefore 
introduce the brace H I, represented by the full line. The 
rectangle is thus divided into two triangles and movement pre- 
vented. The dotted line shows a piece which might have been 
introduced in place of the other. 

If the truss is symmetrically loaded, or C D = D E, we shall 
get the first stress diagram. The stress in each vertical is 
here seen to be the load at its foot. The stress in the piece 
H I proves to be zero. If the load had been on the upper 
joints, no stress would have been found in the verticals also. 
(See § 17.) It is evident that a trapezoidal truss, when sym- 
metrically loaded, requires no interior bracing. This fact 
might readily be seen if we considered the form assumed by a 
cord, suspended from two points on a level, and carrying two 
equal weights symmetrically placed. 

26. Trapezoidal Truss; Unequal Iioads.— The second 
stress diagram will be drawn when the weight C D is less 
than DE. Let us suppose that be and ef are of the same 
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magnitude as in the first diagram, and let the span of the 
tmss, or distance between supports, which we shall denote by 
Z, be divided by the joints into three equal parts. The first 
step is to find the supporting forces. If each external force 
be multiplied by the perpendicular distance of its line of ac- 
tion from any one assumed point, which distance may be called 
its leverage, and all the products added together, those which 
tend to produce rotation about this point in one direction 
being called plus, and those tending the other way minus, it 
is necessary for equilibrium that the sum of these products 
shall be zero ; otherwise the rotation can take place. A con- 
yenient point to which to measure the distances will be one of 
the points of support, for instance the right-hand one. Then 
we shall have 

AF.Z-FE.;-ED.fZ-DC.i/-CB.O-|-BA.O = 0, 

or 

AF. Z==FE. Z + ED. tZ + DC. iZ; 
therefore 

AF = FE-|-tED + iDC. 

If ED be taken as 3 DC, 

AF = FE + JED. 

It will be seen that the object in taking the point or axis at B 
is to .eliminate B A, and have only one unknown quantity, A F. 
This method of determination is called taking moments^ and is at 
once the simplest and most generally applicable. Lay off the 
above reaction at /a; ah will be the reaction at the right 
support One cause of a diagram's failure to dose^ when drawn 
by a beginner, is carelessness in placing the reactions on the 
load line in the wrong order. 

The point a being now located, we can proceed to draw the 
8^cond diagram. The construction requires no explanation ; 
but we will call attention to the fact that a compressive stress 
here exists in H L If , in place of the diagonal represented 
by the full line, the one shown by the dotted line is now sup- 
plied, the reader can without difficulty trace out for himself 
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the change in the diagram^ which is denoted bj the dotted! 
lines and the letters marked by accents. The stress in this> 
diagonal will be seen to be tensile. Changing the diagonal 
reverses its stress. 

It is also worthy of notice that the only pieces affected by 
the substitution of one diagonal for the other are those which 
form the quadrilateral enclosing the diagonals. This fact 
will be of service later. 

27. Uae of Two Diagonals. — If, at another time, this ex- 
cess of load might fall on C D in place of D E, the stress on 
either diagonal would be reversed : that is, if it sloped down 
to the right it would be a tie ; if to the left, a strut. As a ten- 
sion diagonal is likely to be a slender iron rod, which is of no 
practical value to resist a thrust, while the compression mem- 
ber, unless made fast at its extremities, will not transmit ten- 
sion, a weight or force which may be shifted from one joint to 
another may require the designer to introduce two diagonals 
in the same rectangle or trapezium, or else to so proportion 
and fasten one diagonal as to withstand either kind of stress. 

Where both diagonals occur the diagram can still be drawn. 
Determine which kind of stress, tension or compression, the 
two shall be designed to resist, and then, when drawing the 
diagram, upon arriving at a particular panel or quadrilateral,, 
try to proceed as if only one of the diagonals existed. If a 
contrary kind of stress to the one desired is found to be 
needed, erase the lines for this panel only, and take the other 
diagonal. In the treatment for wind pressure, this method 
becomes serviceable, since the wind may blow on either side of 
the roof. 

This truss can be used for a bridge of short span. 

28. Trusses for Halls. — It is sometimes the case that, iu 
covering a large building, it is desired to have the interior 
clear from columns or partitions, while a roof of very slight 
pitch is all that is needed. As it is not expedient to have a 
truss of much depth, since the space occupied by it is not 
generally available for other purposes, one of several types of 
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parallel-chord bridge trusses may be employed, for instance 
the " Warren Girder," of Fig. 15, which is an assembl£ige of 
isosceles triangles. In a pubUc hall, galleries may be sus- 
pended from the roof, and the weight of a heavy panelled or 
otherwise ornamented ceiling may be added to what the truss 
is ordinarily expected to carry. The depth may be less than 
here drawn, but, for clearness of figure, we have not made the 
truss shallow. 

If the roof pitches both ways from the middle of the span, 
the top chord may conform to the slope, making the truss 
deeper at the middle than at the ends ; but a light frame may 
be placed above, as shown by the dotted lines, and supported 
at each joint of the top chord. The straight-chord truss is 
more easily framed. If the roof pitches slightly transversely 
to the trusses, it will be convenient to make them all of the 
same depth and put on some upper works to give the proper 
slope. The ends of the truss could readily be adapted to a 
mansard roof. 

29. Warren Girder. — In Fig. 15, each top joint is sup- 
posed to be loaded with the weight of its share of roof, in 
which case the joint L M or P Q will have three-quarters of 
the weight on NO or O P, if the roof is carried out to the 
eaves as marked on the left ; or practically the same as N O,, 
if the roof follows the line I L. The bottom joints are sup- 
posed to carry the weight of the ceiling, and in addition the 
tension of a suspending rod to a gallery on each side. The 
load line will be equal to the weight on the upper part of the 
truss, and the polygon of external forces will overlap, as in 
Fig. 12, previously explained, § 22. We go from k to r, for 
the loads on the exterior in sequence, then up to s for the 
left-hand reaction, then down to w for the loads on the 
interior, and finally close on k with the right-hand reaction. 

Upon drawing the diagram it will be seen that th6 stress is 
compression in the top chord and tension in the bottom chord ; 
that the stresses in the chords increase from the supports to 
the middle ; that the stresses in the braces decrease from the 
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ends of the truss to the middle, and that alternate ones are in 
compression and in tension, those which slant up from the 
abutment towards the centre being compressed, and those 
which incline in the other direction being in tension. The 
tie-braces are, therefore, A B, C D, F G, and HI. A decrease 
of depth in the truss will increase the stresses in the chords. 
^ 30. Howe Truss; Determination of Diagonals. — A 
truss with parallel chords may be employed, in which the 
braces are alternately vertical and inclined. The designer 
will choose whether the verticals shall be ties and the diag- 
onals struts, in which case the type is called the "Howe 
Truss," Fig. 16, or the verticals struts and the diagonals ties, 
when it is known as the "Pratt Truss." There is an advan- 
tage in having the struts as short as possible, but, if one 
desires to use but little iron, the Howe is a good form. 

To decide which diagonal of the rectangle shall be occupied 
by the piece : — Start from the wall as a fixed point ; it is evi- 
dent that, to keep the load C D from sinking, C Q must be a 
strut. If we wish to put a tie in this panel, it must lie in the 
other diagonal, shown by the dotted line. C D now being 
held in place, P O as a strut will uphold D E. We thus may 
work out from each wall until we have passed as much load 
as equals the amount supported, or the reaction, at that wall. 
If the last load passed exactly completes the amount required 
to equal the reaction, no diagonal will be required in the next 
panel. We might draw diagonals, one in each panel, sloping 
in either direction as we pleased, and then construct the stress 
diagram. If we found a stress in any diagonal opposite to 
the stress we desired, § 27, we could then erase that diagonal 
and substitute the other, erasing also so much of the diagram 
as referred to the pieces in that panel. Were the chords not 
parallel, this method might be necessary (see Fig. 20), but in 
the present case it is better to draw the load line first, find the 
dividing point a. Fig. 16, for the two reactions, see what load 
it cuts, and then incline the diagonals from each wall either 
Tip or down, as preferred, towards that loaded joint. 
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31. Howe Truss ; Diagram. — In the present example C D 
is supposed to be four times D E, etc. A tower on that end 
of the truss or some suspended load will account for the dif- 
ference. Recalling the manner in which the supporting forces 
were found when the load was unsymmetrical, §26, use a 
panel as a unit of distance, call a panel length p and the ordi- 
nary weight on a joint w. Then we shall have, taking moments 
About H, 

w,p(l +2 -^d) -^ 4:W Ap + iw. 5p=:B,. 5p, or R = 4.9t^, 

the reaction at B, or a b. The two supporting forces will then 
be A a and ab. Draw the stress diagram as usual; the di- 
agonals will all come in compression as intended, and the 
verticals will be ties. There will plainly be no stress in the 
dotted vertical ON. The stress in the chords is inversely 
proportional to the depth of the truss, and economy of ma- 
terial in the chords will be served by making the depth as 
much as possible, within reasonable limits. In bridge trusses 
this depth is seldom less than from one-sixth to one-eighth of 
the span. 

32. Moving Iioad. — If the joint DE also might become 
heavily loaded, we could draw another diagram for that case, 
and, as the joints in succession had their loads increased, we 
might make as many diagrams. From a collection of dia- 
grams for all positions of a moving load, we could select the 
maximum stress for each piece. A truss designed to resist 
«uch stresses would answer for a bridge. We should find that 
the greatest stresses in the chords occurred in all panels when 
the bridge was heavily loaded throughout, and that the great- 
est stress in a diagonal was found when the bridge was heavily 
loaded from this piece to one end only, that end generally 
being the more distant one. As we have more expeditious 
methods of analyzing a bridge truss, this one is not used. 
The graphical treatment of bridge trusses is found in Part II. 
of this work. 
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CHAPTEE IV. 

WIND PRESSURE ON PITCHED ROOFS. 

33. Action of Wind. — The forces hitherto considered have 
been vertical ; the wind pressure on a roof is incKned. It was 
once usual to deal with the pressure of the wind as a vertical 
load, added to the weight of the roof, snow, etc., and the 
stresses were obtained for the aggregate pressure. This treat- 
ment manifestly cannot be correct. The wind may be taken 
without error as blowing in a horizontal direction ; it exerts its 
greatest pressure when blowing in a direction at right angles 
to the side of a building ; it consequently acts upon but one 
side of the roof, loads the truss unsymmetrically, and some- 
times causes stresses of an opposite kind, in parts of the 
frame, from those due to the steady load. Braces which are 
inactive under the latter weight may therefore be necessary 
to resist the force of the wind. 

It will not be right to design the roof to sustain the whole 
force of the wind, considered as horizontal ; nor will it be cor- 
rect to decompose this horizontal force into two rectangular 
components, one perpendicular to the roof, and the other 
along its surface, and then take the perpendicular or normal 
component as the one to be considered ; for the pressure of 
the wind arises from the impact of particles of air moving 
with a certain velocity, and these particles are not arrested, 
but only deviated from their former direction upon striking 
the roof. Yet the analysis applicable to a jet of water striking 
an inclined surface cannot be used here, for water escapes 
laterally against the air, a comparatively unresisting medium, 
while the wind particles, if we may so term them, deflected by 
the roof, are turned off against a stream of similar air, also in 
motion, which retards their lateral progress and thus causes 
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them to press more strongly against the roof. We are obliged, 
therefore, to have recourse to experiments for our data, and 
from them to deduce a formula. 

34. Formula for Wind Pressure. — It appears that, for a 
given pressure exerted by a horizontal wind current on any 
square foot of a vertical plane, the pressure against a plane 
inclined to its direction is perpendicular to the inclined sur- 
face, and is greater than the normal component of the given 
horizontal pressure. Unwin quotes Hutton's experiments as 
showing that, if P equal the horizontal force of the wind on a 
square foot of a vertical plane, the perpendicular or normal 
pressure on a square foot of a roof surface inclined at an 
angle i to the horizon may be expressed by the empirical 

formula 

Psin ii**°«**-^ 

If, then, the maximum force of the wind be taken as 40 
pounds on the square foot, representing a velocity of from 80 
to 90 miles per hour, the normal pressure per square foot on 
surfaces inclined at different angles to the horizon will be : 



Anfcle of 
Roof. 


Normal Angle of 
Pressure. Roof. 


Normal 
Pressure. 


5° 


5.3 lbs. 35° 


30.1 lbs. 


10 


9.6 40 


33.4 


15 


14.0 45 


36.1 


.80 J-' 

^25^^ 


18.3, J. A. 1- v'-^V 50 
hA - '■■■■'- 55 


38.1 
39.6 



30 . , 26.4 - . :. . , 60 40.0 

For steeper pitches the pressure may be taken as 40 pounds. 

Any component in the plane of the roof, from the friction 
of the air as it passes up along the surface, or from pressure 
against the butts of the shingles or slates, is too slight to be 
of any consequence. 

The above maximum is a sufficient amount to be provided 
for, although wind gauges have been known to register some- 
what higher pressures at rare intervals. 

35. Example: Steady Ijoad. — The truss of Fig. 17 is 
supposed to be under the action of wind pressure from the 
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left. If tlie truss is 67 feet span, and the height is 15 feet, the 
angle of inclination will be 24° 7', and the normal wind press- 
are, interpolated from the table, will be 21.8 pounds per square 
foot. The rafter will be 36.7 feet long. If the trusses are 10 
feet apart, the normal wind pressure on one side will be 

36.7 X 10 X 21.8 = 8000 lbs. 

For steady load of slates, boards, rafters, purlins, and truss, 
let us assume 11 pounds per square foot of roof, or 

36.7 X 10 X 2 X 11 =8074 lbs., total vertical load. 

The truss is here drawn to a scale of 30 feet to an inch, and 
both diagrams are drawn to a scale of 6000 pounds to an inch. 
In actual practice these figures should be much larger, the 
diagrams showing perhaps 1000 pounds or 800 pounds to an 
inch. 

We will, in the present case, treat the two kinds of external 
force separately. The diagram on the right for steady load 
needs no description. Each supporting force will be 4037 
pounds, and the weights at the joints of the rafters will be, 
673 pounds for the end ones, and 1346 pounds for each of the 
others. The above weights are laid off on a vertical load line 
and the diagram then drawn. The stresses in the various 
pieces for half of the truss are given in the table to follow, 
the sign -f- denoting compression, and the sign — , tension. 

36. Wind Diagram ; Reactions. — The normal pressure of 
8000 pounds distributed uniformly over the whole of the left 
side of the roof, and on that alone, will have its resultant, shown 
by the dotted arrow, at the middle of that rafter. To find 
the supporting force on the right we may take moments about 
the left-hand wall, remembering to multiply each force by the 
lever arm drawn perpendicular to its direction : or 

AP X HT =8000 X HK, 
or 

AP X 61.15 = 8000 X 18.35; 

whence A P = 2400 pounds, and A H = 5600 pounds. 
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But since these arras, H T and H K, are proportional to the 
span and the left part of the horizontal tie cut oS by the re- 
sultant, an easier way to get the supporting pressures due to 
an inclined force is to prolong this force until it cuts the 
horizontal line joining the two abutments, when the two reac- 
tions will be inversely proportional to the two segments into 
which the horizontal line is thus divided, the larger force 
being on the side of the shorter segment, or, for ordinary 
pitches, on the side on which the wind blows. 

The pressures on the joints will be 2667 pounds each on 
I K and K L, and 1333 pounds each on H I and L M, as de- 
noted by the arrows. Draw m A by scale, equal to 8000 
pounds, so inclined as to be in the direction of the given 
forces, that is, perpendicular to the roof ; divide the reactions 
of the supports by means of the point a, and lay off the joint 
forces in their proper order, mlylk, ki and i h. Before going 
further be sure that the external forces and the reactions 
follow one another in their proper order, down and up the 
load line ; for, through heedlessness, the reactions are some- 
times interchanged. 

37. Wind Diagram; Stresses. — Proceed with the con 
struction of the diagram by the usual rules, remembering that 
wind alone is being treated. After the joint K L has given 
Ikcdely the joint EA gives edafe. Taking next the apex 
L M, and passing along mlyle and e/, we find that there will 
be no line parallel to F G, since g m, parallel to G M, will 
exactly close on m, the point of beginning. As no stress passes 
through FO, the remainder of the bracing on this side can 
experience no stress, and therefore the compression g m affects 
the whole of the right-hand rafter while the tension a/ is 
found in the remainder of the horizontal tie. The stress tri- 
angle for the point P will therefore be mgam. That the 
above result is true will be seen if we notice that the piece 
Q R, having no wind pressure at its upper end, can, by § 17, 
have no stress. Then it follows that ES is now free from 
stress^ and next SG and lastly GF, all by § 17. Further: 
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imagine all of tlie braces in the right half to be removed ; it is 
evident that the right rafter is a sufficient support to the joint 
L M, conveying to the wall the stress g m which compresses 
its upper end, while the tie AF keeps the truss from spread- 
ing. If tlie lower tie or the rafter was not straight, some of 
the braces would come into action, as will be seen later. 

38. Remarks. — At another time the wind may blow on the 
right side. Then the braces on the right will be strained as 
those on the left now are, and those on the left will be un- 
strained. The wind stresses are placed in the third column 
of the table. As in this truss they are all of the same kind, 
in the respective pieces, as those from the steady load, they 
are added to give the total or maximum stresses. The force 
gm, being smaller than, while it is of the same kind as Ze, is of 
no consequence ; for, with wind on the right, M G would have 
to resist a stress equal to Z e. 

A combination of the two components of the supporting 
forces at each end, as shown in the figure, by either the 
parallelogram or triangle of force, will give the direction and 
amount of each reaction from the combined load. Wind on 
the other side will exactly reverse the amounts and bring 
them on the opposite side of the vertical line. 

Table of Stresses for Fig. 17. 



Piece. 


Steady Load. 


Wind. 


TotaL 


( AB 

Tie ^AD 

/AF 


- 7520 lbs. 

-6020 

-4520 


10,440 lbs. 
7,160 
3,900 


17,960 lbs. 
13,180 
8,420 


EF 

Braces -J ^q 

DE 


-1830 
-1500 
-1- 1230 
4-1840 


3,990 
3,280 
2,670 
4,000 


5,820 
4,780 
3,900 
5,840 


(IB 
Ra-fter -^ K C 
(LE 


+ 8240 
+ 7690 
+ 5760 


9,530 
9,530 
6,550 


17,770 
17,220 
12,310 



If the truss is simply placed upon the wall-plates, and 
either of the supporting forces makes a greater angle with the 
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vertical than the angle of repose between the two surfaces, 
the truss should be bolted down to the wall ; otherwise there 
will be a tendency to slide, diminishing the tension in the tie, 
perhaps causing compression in that member, and changing 
the action of other parts of the truss. This matter will be 
treated of further. 

If the weight of snow is also to be provided for, it may 
readily be done by taking the proper fraction of the stresses 
from the steady load and adding them to the above table. 

39. Truss with Roller Bearing ; Dimensions and Ijoad. 
— ^We propose, in the example illustrated by Fig. 18, to con- 
sider the truss as supported on a rocker or rollers at the end 
T, where the small circle is drawn, to allow for the expansion 
and contraction of an iron frame from changes of temperature. 
It is therefore plain that the reaction at T must always be 
practically vertical. The truss is supposed to be 79 feet 8 
inches in span, and 23 feet in height, which gives an angle of 
30° with the horizon, and makes the length of rafter 46 feet. 
It would be proper usually to support the rafter at more 
numerous points; but our diagram would not then be so 
clear, with its small scale, from multiplicity of lines, and one 
can readily extend the method to a truss of more pieces. 

This frame supports 8 feet of roof, and the steady load per 
square foot of roof is taken, including everything, as 14 
pounds. The total vertical load will then be 

14 X 46 X 2 X 8 = 10,304 lbs., 

or 1717 lbs. on each joint except the extreme ones. 

We find, from the table of § 34, that the normal pressure 
of the wind, for a horizontal force of 40 pounds on the square 
foot, may be taken as 26.4 pounds per square foot of a roof 
surface inclined at an angle of 30°. The total wind pressure, 
normal to the roof, will therefore be 

26.4 X 46 X 8 = 9715 lbs., 

or 3238 lbs. and 1619 lbs. on the middle and end joints 
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respectively of one rafter. The truss is drawn to a scale of 
40 feet to an inch, and the diagrams to that of 8000 pounds 
to an inch. 

40. Diagram for Steady Iioad. — The diagram for steady 
load, having a vertical load line, is the one above the truss,, 
and a little more than one-half is shown. The only piece at 
all troublesome is G F. On arriving in our analysis at the 
apex of the roof, or at the middle joint of the lower member,, 
we find three pieces whose stresses are undetermined : but as 
we have reached the middle of the truss, we know that the 
diagram will be symmetrical, and therefore that gf will be 
bisected by a l. In the case of an unsymmetrical load we can 
recommence at the other point of support and close on the 
apex. The stresses caused by this load are given in the first 
column of figures in the table in § 44, compression being 
marked +, and tension — . If it is thought necessary to pro- 
vide for snow, in addition to the stresses yet to be found for 
wind, make another column in the table, of amounts properly 
proportioned to those just found. 

41. Wind on the Iieft; Reactions. — Upon turning our 
attention to the other diagrams, we shall find that the rollers 
at T cause something more than a reversal of diagram, — often 
a considerable variation of stress, when the wind is on differ- 
ent sides of the roof. Taking the wind as blowing from the 
left, we draw the diagram marked W. L. The line q m, 9715 
lbs., § 39, is divided and lettered as shown for the four loads 
at the joints where arrows are drawn. The resultant of the 
wind pressure, at the middle point of the rafter, when pro- 
longed by the dotted arrow, will divide the horizontal line or 
span in the proportion in which the load line should be 
divided to give the two parallel reactions, if there were no 
rollers at T. This proportion, for a pitch of 30°, is 2 to 1 ; it 
locates the point a\ and gives ma' = 64:77 lbs., and a^ q = 
3238 lbs. 

But the reaction at T must be vertical, and consequently 
only the vertical component of a' q can be found at T, while 
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the horizontal component of a' q must come, through the lower 
member, from the resistance of the other wall. Therefore 
draw a' a horizontally and we shall get ag' as the vertical 
reaction at T, while ma, to close this triangle of external 
forces, must give the direction and amount of the reaction 
atM. 

42. Verification. — It may, at first sight, strike the reader 
that this analysis will not be correct ; for, if only the vertical 
component is resisted at T, and if we decompose the resultant 
of the wind pressure at O, where it strikes the roof, into two 
components, we get results as follows : 

Vert. comp. of 9715 lbs., for angle 30° = 8414 lbs. 
Hor. '' " '' '' '^ =4858 lbs. 

The vertical from the middle j)oint of the rafter will divide 
the span at ^J^ M T. Therefore, amount of vertical component 
carried at T = 2103 lbs., and the remainder is supported at M, 
with all of the horizontal component. But take next into 
account the moment, or the tendency of the horizontal com- 
ponent at O to cause the truss to overturn. It naturally 
decreases the pressure at M and increases that at T, or, in 
other word3, the couple formed by the horizontal component 
at O and the equal horizontal reaction at M with an arm of 
half tha height of the truss must be balanced by an opposite 
couple, composed of a tension at M and an equal compression 
at T, with a leverage of the span. Making the computation 
of this tension, or compression T, we have 

4858 X 11.5 = T X 79*, or T = 702 lbs. 
2103 + 702 = 2805 = i of 8414 lbs. 

as obtained by the first process. 

Still another way to find the supporting forces is to prolong 
the resultant until it intersects the vertical through T, then to 
draw a line from M to the point of intersection, and finally to 
draw ma and qa parallel to the lines from M and T. This 
method depends for its truth on the fact that the three external 
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forces which keep the truHS in equilibrium, not being parallel 
must meet in one point. 

43. Diagram for Wind on Ijeft. — Having completed the 
triangle of external forces, and laid off the pressures on the 
joints, we can readily draw the diagram. It will be found, as 
in Fig. 17, § 37, that braces on the right experience no stress, 
the lines gf and e q closing the polygon which relates to the 
joint P Q. If the lower tie were cambered to the joint D C, 
we should find a stress from wind in E F and C D, but not in 
B C or C E, as explained in § 37. 

Upon combining with the inclined reaction m a the steady 
load reaction also marked m a, the direction of the resultant 
supporting force at M will be found ; and it may be so much 
inclined to the vertical that provision against sliding on the 
wall-plate at M should be made. The stresses given by this 
diagram for wind on the left are found in the table to follow, 
in the column marked W. L. It will be seen that all of them 
agreiB in Izmd with those for steady load. 

44. Diagram for Wind on Bight.— This diagram is 
marked W. R. The supporting force at T, while still vertical, 





Table of Stresses 


FOR Fig. 18. 




Piece. 


Steady Load. 


W. L. 


W. R. 




BS 


+ 8570 lbs. 


5600 lbs. 


8480 lbs. 




OR 


4- 6850 


5600 


6540 


Rafters - 


EQ 


+ 5700 


5600 


5880 


MM%mK. \0\J^ O 


IP 


4- 5700 


5880 


5600 




KO 


-f 6850 


6540 


5600 




LN 


+ 8570 


8480 


5600 




fLA 


-7440 


11400 





Tie 


HA 


- 5450 


7050 





DA 


-5450 


4850 


2150 




BA 


-7440 


4850 


6480 




fBC 


-f 1720 





3800 




CE 


4- 1520 





3300 




EF 


-1000 





2150 


Braces - 


FG 


-2300 


2500 


2500 




GT 


-1000 


2150 







IK 


+ 1520 


3300 







[KL 


-f 1720 


3800 
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Is greater in amount than before. If diagram W. L. has been 
already constructed, the reaction at T can be taken as that 
portion of the vertical component of the wind pressure not 
included in a y of that figure ; that is, aq-^ta^ vertical 
component of qm or pL If this should be the first diagram 
drawn, find the supporting forces in one of the three ways 
^iven above. The reaction at M is rightly denoted by ap, for, 
when the wind is on the right, there is no external force to 
divide the space from M to P. 

The point a is moved considerably from its place in diagram 
W. L., and this change affects the amounts of stress in the 
horizontal member, but not in those pieces which bear similar 
relations to the two sides of the truss ; in other words, I P and 
E Q interchange stresses, etc. In some forms of truss, how- 
ever, we find more material changes. In the present example 
it happens that the vertical fg strikes the point a, so that ip, 
the stress in the rafter, coincides with ap, the reaction at M ; 
the wind on the right consequently causes no stress in LA 
and H A. The stresses from this diagram are found in the 
last column of the table. 

46. Remarks. — There is no need to tabulate the stress in 
KH, if that in I G is given, nor gh, ii hi is given. Notice 
that the joint KG or CF gives a parallelogram in each 
diagram, the stress in K I passing to G H without change, so 
that the diagonals which cross may be considered and built 
as independent pieces. It will be seen on inspection of the 
table that the combination of steady load with wind on the 
left gives maximum stresses in I P, K O, L N, L A, H A, D A, 
G I, IK, and K L, while the remainder, with the exception of 
F G, have maximum stresses for wind on the right. F G is 
strained alike in both cases. 

These wind diagrams may be drawn on either side of the 
line of wind force, as in the case of steady load, by changing 
the order in which the supporting forces are taken, going 
round the truss and joints in the opposite direction. 
Although there exist two four-sided spaces C and K, the 
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structure is sufficiently braced against distortion; for these 
spaces are surrounded by triangles on all sides but one. 

It may perhaps not be amiss to suggest again how to deter- 
mine the kind of stress in any member without retracing the 
whole polygon for any joint. Notice, from the load line, 
whether the forces were taken in right-hand or left-hand rota- 
tion. Bead the letters of a piece in that order with reference 
to the joint at one end of it; then read the stress in the 
diagram in that same order, and it will show the direction of 
the stress in the piece, either to or from that joint. Thu^ 
diagram W. L. is written in left-hand rotation ; K L is then 
the reading for that brace at its loioer end, and kl reads down- 
ward or is thrust. If we read L K, it must apply to its upper 
end, and { k acts upwards or thrusts against the joint near N. 

Wind diagrams for the truss of Fig. 21 can now be drawn. 
The apex of the roof can be treated first, and the stresses, 
obtained in the dotted lines, can then be transferred to the 
ends of the upper horizontal member. The truss proper goes, 
no higher. 



CHAPTER V. 

WIND PRESSURE ON CURB (OR MANSARD) AND CURVED ROOFS. 

46. Truss for Curb Roof; Steady Iioad Diagram.— To 

have a definite problem we will assume that the truss of 
Fig. 19, drawn to scale of 20 feet to an inch, is 50 feet in span, 
that the height to ridge is 20 feet, to hips 14J feet, and that 
CD is 14 feet. The sides KB and GE are practically 16f 
feet long, at an angle of 60° with the horizon, so that their 
horizontal projection is 8J feet. The upper rafters are 17|^ 
feet long, and therefore make an angle with the horizon of 
18° 19'. The trusses are assumed to be 8 feet apart, and are 
loaded at the joints only. The rafters in a larger truss would 
commonly be supported at intermediate points; but more 
lines would make our diagrams less plain. 

The steady load is taken at 12 pounds per square foot of 
roof surface, or 

(2 X 16f 4- 2 X 17y) 12x8 = 6560 lbs., total load. 

jThe joint L will carry one-half the load on KB, or 800 
pounds ; the joint I K will carry one-half the load on K B and 
one-half of that on I C, or 800 + 840 = 1640 pounds ; I H = 840 
-|- 840 = 1680 pounds, etc. These weights are laid off, in the 
diagram marked S. L., from ? to / by a scale of 4000 pounds 
to an inch, and the diagram is drawn. It shows that the 
rafters are in compression, marked +> and all the braces in 
tension, marked — . 

47. Sno'W Diagram. — In treating this truss for snow load, 
it is considered that K B and E G are too steep for any weight 
of snow to accumulate there, as whatever fell on them would 
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soon slide ofif. Therefore a weight of 12 pounds per horizon-- 
tal square foot, for the upper rafters only, is taken for the 
maximum snow load, and, as the horizontal projection of 
I C + D H is 33i feet, that load will be 

12 X 33i X 8 = 3200 lbs., 

laid ofif from ktog,ia the diagram marked S. The end por- 
tions, k i and h gr, are each 800 pounds, and i h is 1600 pounds. 
The division into two equal reactions at the points of support 
gives a. This diagram much resembles the other, but there 
is one point worth noticing; the lines of stress, ic and hd, 
cross in the first diagram, but do not in the second ; while the 
reverse is the case with ed and be. The result is that the 
stress of C D is reversed by the maximum snow load, and, as 
this stress is greater in amount than the one for the weight of 
roof and truss, C D will be a compression member whenever 
such a load of snow falls on the roof ; and will be in tension 
when that load is removed. The stresses from these two 
diagrams are marked on the truss above each piece on its left 
with the usual signs. This strain sheet is more convenient 
than the table of § 44. 

48. Wind from the Left ; No Roller.— When the rafters 
do not slope directly from the ridge to the eaves, but are 
broken into two or more planes of descent, we shall have 
wind pressures of different directions and intensities on the 
two portions, I C and K B. From the table of wind pressures, 
§ 34, we see that the intensity of pressure on K B will be 40 
pounds, and on I C 16.9 pounds, normally, per square foot of 
• roof. The total pressure on K B therefore will be 40 X 16f 
X 8 = 5333 pounds, of which one-half will be supported at 
the joint L, and the other half at the joint J, as indicated by 
the two arrows perpendicular to K B. The pressure on I C 
will be 16.9 X 17i X 8 = 2366 pounds, or 1183 pounds on 
each joint. 

If the truss has no rollers under it, the diagram marked 
W. L., I. is obtained. On a scale of 4000 pounds to an inch. 
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hi = ij = 1183 pounds ; jk = kl = 2667 pounds. For ij and 
jk may be substituted ikyii desired, the resultant of these 
two components at J. 

To find the supporting forces : — Prolong the resultants of 
the wind pressure from the middle point of each rafter to 
intersect the span L F. The resultant K will be resisted at 
L and F by two reactions parallel to it, and inversely propor- 
tional to the two segments into which this resultant divides 
L F, as shown in § 36. The same will be true for the result- 
ant I. By scale, or from the known angles, it will be found 
that resultant K cuts L F at 16| feet, or one-third the span, 
from L, and that resultant I cuts it at 22.4 feet from the same 
end. Dividing ^i at J its length, we have Za' for one com- 
ponent of the reaction at L and a^j for one component of the 

22.4 
reaction at F. If we divide hj at —^ of its length, y a'' will 

be a component of the supporting force at L, and a"A at F. 
By drawing the parallelogram a^ja^^ a we shall bring the com- 
ponent reactions for each wall together, and shall have, for 
the supporting force at L, or L A, Z a' and a^a, or their result- 
ant I a ; and for that at F, a a" and a"\ which combined give 
a h, properly called A H in the truss, since the letters from F 
to H are not in use at present. Take care to lay off the com- 
ponent reactions on the proper ends of the wind-pressure 
lines. 

The polygon of external forces, when there is no roller 
under the truss, is therefore Ai, ik^ kl,la, and ah. The com- 
pletion of the diagram, by drawing lines parallel to the several 
pieces, will be easy without further explanation. That the 
point e should apparently fall on i k is accidental. The signs 
affixed to the lines will enable one to see readily that the 
stresses in B C and E A are now reversed, the pressure I K 
obliging us to use a strut to keep that joint in place. The 
resultant, however, from the combined stresses in £ A is still 
tension. The amounts given by diagram W. L., I. have not 
been placed on the truss, as we prefer to treat it from another 
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point of view. Had they been used, it would be unnecesBarj 
to draw a diagram for wind on the right, for the different 
members of the truss would exchange stresses symmetricallj ; 
that is, AB would have the stress of EA, and E A that of 
A B ; D H of C I, etc., C D remaining the same. 

49. Wind from the Iieft; Roller at Iieft.— If rollers 
are placed at L, to permit of movement resulting from change 
of temperature, the supporting forces will be modified, L A 
becoming vertical. The diagram marked W. L., II. shows the 
effect of this change. So far as drawing the lines of wind 
pressure hijkl, the polygon of external forces will be 
obtained in the same manner as before. We may then draw 
the parallelogram and locate the point here marked a' ; then 
draw a^a horizontally, and we shall get I a, the vertical reac- 
tion at L, equal to the vertical component of la ot the figure 
just preceding. 

In case the former diagram has not been drawn, a readier 
way to determine I a will be as follows : — Draw h I, plainly the 
resultant of hj and jl; then, having prolonged the dotted 
arrows at I and K until they meet, draw a line, parallel to Jil, 
through their intersection. This line will give the position 
of the resultant of the wind pressures, and I h is now to be 
divided in the inverse ratio of the two segments into which the 
resultant divides the span LF. The point of division will 
fall at a", from which draw horizontally a'^a, and the reac- 
tion Z a is thus determined. This method will not answer for 
finding the supporting forces if they are both inclined, as it 
will make L A and A H parallel to one another. The reac- 
tion at L being I a, the one at F is a h, requiring the resistance 
at F of the entire horizontal component of the wind pressure. 

A comparison of the two W. L. diagrams will show that the 
stress in every piece is changed very decidedly in amount, 
and that in a number of pieces the stresses are reversed by 
rollers at L. These latter stresses are marked on the truss, 
at the right of each piece. 
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50. Wind from the Right. — When the wind blows from 
the right, the diagram marked W. B. will be obtained. The 
lines i h gf, representing the wind pressures, Mill correspond 
in value with hikl oi the preceding figure, and, since the other 
diagram has been constructed, the vertical reaction at L will 
now be obtained by drawing the horizontal line a' a, from either 
the angle of the parallelogram or the proper point of division 
of the resultant if, so as to give a i, the smaller part of the 
vertical component of the wind pressure ; that, is Z a from W. 
L., IL, plus a i from W.R., equals the vertical projection of 
the polygon of external forces. 

51. ResxQts. — ^When this diagram is completed by the 
customary rules, a comparison of it with the one preceding 
will make clear the effect of wind on different sides. The 
stress in the rafters is much greater when the wind blows on 
the side farther from the rollers, but it is always compressive. 
The forces in the braces are all reversed. 

The weight of the roof and truss may be the only external 
force, or snow may be added ; and, in either case, the wind 
may also blow on one side or the other. Selecting then those 
stresses which may exist together, we find the maximum tension 
and compression marked below each piece. The rafters 
are always compressed, and A B is always in tension. The 
other pieces must be designed to resist both kinds of stress, 
although the compression in D E is quite insignificant. 
"\/ 52. Curved Roof Truss : Example. — If the truss has a 
curved exterior outline, the pressure of the wind will make a 
different angle with the horizon for every point. But there 
will be no sensible error if the pressure on each piece is as- 
sumed to be normal to the curve at its middle point, or, what 
is practically the same thing, perpendicular to the straight 
liQe joining its two extremities. Thus, in the truss of Fig. 20, 
the wind pressure on C T is taken as perpendicular to a 
straight line from B to the next joint in the rafter. 

The span of this truss, drawn on a scale of 30 feet to an 
inch, is 60 feet ; height at middle of rafters 15 feet, at middle 
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of main tie 6 feet The curves are arcs of circles, the radii of 
the upper and lower members being respectively 37^ feet and 
78 feet. The rafters are spaced off at intervals of 11^ feet 
each way from the middle, and the tie is divided into lOJ feet 
lengths. The end portions will differ slightly from these 
measures. The trusses are to be 10 feet apart. From the 
data, radius 37^ feet, and half-chord or sine 5f feet, it is easy 
to calculate that the chord of the first piece of rafter from th6 
middle will make an angle with the horizon of 8° 49^'. The 
second piece will be inclined three times as much, or 26° 28', 
and the last five times as much, or 44° 6'. The intensity of 
normal wind pressure will then be, when interpolated in the 
table, § 34, 8.6 pounds per square foot for the upper length, 
23.7 pounds for the next length, and 35.6 pounds for the low- 
est piece. Multiplying these intensities by Hi X 10, we get 
989 pounds, 2725 pounds, and 4094 pounds, respectively, repre- 
sented by the small arrows, as if concentrated at the middle 
points of E, D, and C. The steady load is taken at a small 
figure, 2300 pounds per piece of rafter, to allow the disturbing 
effect of the wind to be more marked. 

The diagonals in this truss are light iron rods, not adapted 
to resist compression, and therefore, if a compressive stress 
would occur in a particular diagonal, in case it were alone in a 
panel, .we substitute the other diagonal, which will then be in 
tension. In lettering the figure, that tie which is required for 
a particular distribution of load is supposed to be present, 
and the other diagonal is not taken account of. Thus, in th6 
panel through which the dotted arrow is drawn, if the brace 
which goes from the top of O P to the bottom of Q B is under 
stress, it will be called P Q, while the rafter will be Q E and 
the bottom tie PA. If the other diagonal is strained, the 
rafter will be called P E and the main tie Q A. 

53. Steady-Iioad Diagram. — The diagram for . weight of 
roof and truss is drawn on a scale of 8000 pounds to an inch. 
The vertical load line is i 6, and the polygon for the point of 
support 3 iH cbatc. On passing to the next joint in the top 
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or bottom member we find three pieces whose stresses are 
unknown. Both diagonals K S cannot be in action as ties at 
once ; therefore suppress one, for instance that which runs to 
the upper end of S T. We then shall have only two unknown 
stresses at the upper joint, and can draw t s' and «' d. The 
lower joint will then give s't, ta, ar\ and r's'. But r's' will 
be a compressive stress, as we read from r' to s\ and this 
diagonal is not the desired one. Taking the other, and trying 
the lower joint first, we have tast, and the upper joint then 
gives dctsrd, where sr is tension. Notice that change of 
diagonal affects the stresses in no pieces beyond those which 
bound the quadrilateral or panel in which the diagonal is 
changed. Analogy will rightly lead us to take the other diag- 
onals which slope the same way, that is, down towards the 
middle. It is therefore easy, after the first attempt, to decide 
which diagonal to reject and which to retain. 

54. Remarks. — If d r had been slightly more inclined, so as 
to strike 5, no diagonal E S would have been required for this 
distribution of load. It will be seen that the stresses, all tensile, 
in the bracing are very small as compared with those in the 
main members, a fact due to the approximation of the rafter 
outline to the equilibrium curve or polygon for a load dis- 
tributed as in this case. See § 88. If the outline of a truss 
coincides with the equilibrium polygon pertaining to a certain 
distribution of load, no interior bracing will theoretically be 
needed for such distribution ; but if the distribution or direc- 
tion of the external forces is at any time changed, bracing 
will be called into action. Further discussion of this subject 
comes in Parts II. and III. 

The length of hk, etc., as compared with H K, etc., shows 
the necessity of drawing the truss skeleton on a large scale, 
to secure parallelism of the respective lines in each figure. 
As a slight change in the inclinations of the rafter and lower 
tie lines will change the magnitude of the stresses in those 
pieces quite materially, we are warned by the appearance of 
the diagram to provide, by an increase in size of these pieces. 
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against such a change in the truss as would be caused bj 
sKght errors in construction or by deflection tender the load. 
Stress diagrams are particularly serviceable in this way. 

55. Wind and Steady Iioad. — We might analyze the effect 
of the wind separately upon the truss, but, as there is a 
likelihood that the wind will reverse the stress in some of the 
diagonals which experience tension from the steady load, and 
that we shall be obliged, therefore, to substitute the other 
diagonals in such panels, it seems better to draw the diagram 
for the wind and the weight of the roof in conjunction. 
Therefore the two diagrams marked W. E. and W. L. are 
drawn for the maximum force of wind on either side, com- 
bined with the weight of the roof, etc. The external load line 
bi of one case is the exact reverse of ib of the other. An 
explanation of the construction of W. E. will suffice for both. 

When the wind blows from the right, there is only the 
steady load on the left half of the truss. Beginning therefore 
with the joint at I, lay off vertically hi = 1150 pounds, or 
one-half the load on H K ; next gh = 2300 pounds, load at 
O H, and so on to F E, as in the steady-load diagram already 
discussed. At F E we find, in addition to 2300 pounds verti- 
cal pressure, an inclined force perpendicular to the tangent 
at E, or to the chord of the piece, and equal to one-half of 989 
pounds, the wind pressure before computed for E. We thus 
get the inclined line as far as e in^ the diagram. The joint 
DE gives de, manifestly made up of the other half of 989 
pounds, of the vertical 2300 pounds as usual, and finally of 
one-half of 2725 pounds from the next length of rafter, and 
perpendicular to it. The forces for the remaining joints C D 
and B C will be plotted in the same manner, and we therefore 
see that, commencing at B, as is proper for this load line, we 
lay off the vertical and inclined forces in regular succession 
from one side of the truss to the other. If one draws a 
straight line from c to d, it will be the resultant of the com- 
l>ined external forces at C D. 
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56. Reactions and Diagrams. — Connect b with i by the 
dotted line, which will be the resultant of all these forces. 
As the resultant of the dead weight, symmetrically distributed^ 
acts in the line of the vertical OP, and hence through tho 
centre of curvature of the rafters, and as the wind pressures 
all point to the same centre of the circle, the resultant, 
parallel to bi, must pass through the same point. Therefore 
draw the dotted arrow through the centre from which the 
rafter was struck, and parallel to bi. This arrow cuts the span 
B I, by measurement, at 25 J feet from B, or 34f feet from 1. 
The resultant bi scales 20,620 pounds. If the supporting 
force at B were parallel to this resultant, it would be found 
by taking moments about I, when we should have 

3x60 = 20,620x34}; or B = 11,942 lbs. 

Lay off this force from b to a\ If rollers are placed at B,. 
that reaction will be vertical, and the horizontal component 
of a' b must be resisted at I. Let fall b a vertically, determin- 
ing the point a by drawing a/ a horizontally, and connect i 
with a. The two supporting forces will be ia and ab. 

In the W. L. diagram the point a' comes nearer to b than to 
t, — that is, the quantity just obtained now applies to the 
point of support I, — and a falls very near to, but just outside 
of /, in the prolongation of the vertical line. 

If there are no rollers under the truss, find the supporting 
forces for each oblique pressure separately, as in § 48. The 
same course must be pursued when the curve of the rafters 
is not circular, as the forces will not then meet at a common 
centre. Having thus completed, in either case, the polygon 
of external forces, the remainder of the construction will be 
made as in any example. After the first trial to ascertain the 
proper diagonal, it appears that, in each case, the diagonals 
all slant one way ; so that, for wind on one side, one set of 
diagonals is in tension, and for wind on the other, all of the 
other set are strained. 
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57. Change of Diagonal. — Tlie effect on the five pieces of 
a panel, top, bottom, two sides and the diagonal, of drawing 
the diagram so as to give compression in a diagonal, is shown 
anew in the W. L. figure for the panel P Q. Instead of op and 
yr, we get op' and yV, considerably increased in amount but 
the same in kind ; for ep and aq are substituted eg' and ap\ 
unchanged in kind, but having practically what is taken from 
one added to the other ; w hile the diagonal stress is, as we 
;said, reversed, but very nearly the same in amount. 

It might be practicable to deduce some rule for determining 
l)eforehand the diagonal which would have the desired kind 
of stress, but the tentative process seems easy. We find it 
convenient to draw the lines parallel to the rafter and main 
tie first, as ep and ap\ then to sketch roughly two lines for 
the suspending piece and diagonal, see whether that diagonal 
comes in tension, and finally draw the right ones carefully. 

58. Resxdtant Stresses. — It is not necessary to put the 
^iigns -(- and — on these lines, for it may be seen that all the 
rafter is compressed, the whole lower member extended, and 
all of the diagonals are in tension, as well as all the suspend- 
ing pieces except O P and Q R, which are compressed a trifle 
when the maximum wdnd comes from the right. Such pieces 
are easily selected, if one notices that op and y r in the W. E. 
diagram are drawn in a direction opposite to the prevailing 
one. 

The stresses are given in the following table. The lengths 
of rafter are denoted by a single letter. The pieces of the 
main tie, having the letter A in common, have also the letters 
which stand before the stresses in the proper columns. The. 
inclination of the diagonal is shown by the sign prefixed to 
the stress. The effect of the wind on the roller side is to 
materially reduce the stress in a large portion of the main tie. 
The light bracing required is a marked feature of this type of 
truss, and the predominance of tensile members favors the use 
of iron bars. The two compressions, marked +j a-^e too in- 
significant to require an increase of section. 
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Table of Stiiesses fob Fig. 20. 



1 


S. L. 


W.R. 


W. L. 


Max. 




C 


] 2,600 


18.900 


16,200 


+ 
18.900 






D 


11,400 


17,500 


15,600 


17,500 


Rafters 




E 


10,800 . 


15,000 


16,200 


16,200 


, ■< 


F 


10,800 


13,300 


17.900 


17.900 






a 


11.400 


12,700 


20,100 


20 100 






H 


12,600 


13,100 


21,800 


21,800 






f 


K 9,600 


K 5,500 


K 19,500 


19,500 








L 9.500 


L 5,500 


M 18,000 


18,000 


1 
Mam Tie 


A . 




N 10,400 


N 7,200 


16,000 


16,000 




Q 10,400 


P 9,000 


Q 14,200 


14.200 








S 9,500 


R 10,900 


S 12,300 


12,300 






^ 


T 9,600 


T 12,800 


T 12,300 


12,800 


; 


fLM 


\900 


\ 1,800 


/ 1,800 




Diagonals...^ 


NO 
PQ 


"400 
/400 


" 2,100 
"2,400 


" 2,400 
"2,200 






^R8 


"900 


" 2,200 


"2,100 






fKL 


1,200 


700 


1,200 


1,200 




MN 


1.000 


200 


900 


1,000 


SuBpenders. ^ 


OP 


900 


+ 100 


700 


900 




QR 


1,000 


+ 50 


1,000 


1.000 




LST 


1,200 


400 


1,600 


1,600 



If the designer proposes to proportion the pieces with re- 
gard to minimum as well as maximum stresses, he can readily 
select the former from the table. 

If a fall of snow is supposed to be uniformly distributed 
over the roof, the increased action of the several pieces can 
be easily obtained by proportion from column S. L. But, if 
it is thought that the inclination of the portions near C and H 
is too great to permit of snow accumulating there, a diagram 
for snow should be drawn. The horizontal projection of a 
piece of the rafter is properly taken when reckoning a snow 
load. 

. We think the reader will have no difficulty in drawing dia- 
grams for a truss of similar outline, but with only a system 
of simple triangular bracing. 



CHAPTER VL 

TRUSSES WITH HORIZONTAL THRUST. 

59. Scissor Truss.— When it is desired to strengthen the 
rafters in a roof of moderate span by supporting them at their 
middle points, a simple means, often employed, is to spike on 
a piece from the lower end of one rafter to the middle of the 
other, as shown in Fig. 22. The two pieces may or may not 
be fastened together where they cross. At the first glance 
we should say that, to draw the diagram, we must lay off the 
load line he, divide it as usual^ and then, beginning at the 
joint E, draw a'&' and 6/, parallel to A B and B F. Next, for 
the joint F G, we should get the lines Vc' and c'g. For the 
apex we should have three lines, viz., Agr, gc\ and a line from 
c' parallel to C H to strike h. There is evidently something 
wrong here. If we start from the other point of support K, 
we obtain the remainder of the diagram in dotted lines, and 
find that we have two points marked c\ some distance apart, 
which ought to come together ; we also have two conspiring 
forces, g c' and h c', whose vertical components ought to bal- 
ance hg. 

Abandoning this diagram for the present, let us start at the 
apex of the roof, where we may feel sure that there are but 
two unknown forces. Taking the load A gr at that point, draw 
the full lines gc and ch Next for the joint GF, starting with 
c gr, pass down gf and draw/fc and h c. The joint H I will simi- 
larly give the figure ihcdi. Lastly, the j.oint A C will add ba 
and ad to the stresses dc and cb. To close the polygon for 
the joint E we must now supply to ab/e the line ea, which 

must be the inclined reaction at E, required to keep this trusa 
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from sliding outwards on the wall-plates, on the supposition 
that the points of meeting of two or more pieces are true joints 
(ones About which the parts are free to turn). As 6 a may be 
decomposed into ea' and a^a,, the force ^'a is called the hori- 
zontal thrust of the truss, which may be resisted by the wall 
or by a tie-rod from E to K. The pieces of this truss are all 
in compression. 

60. Horizontal Thrust or an Additional Member 
Necessary. — That the truss is not in equilibrium without 
this inclined or horizontal reaction at the walls is seen, if we 
suppose that E and K are not prevented from sliding later- 
ally \ the joint A C will drop, the joints F G ard HI will 
approach one another, and the angle at the apex will become 
sharper. This change will take place . unless the above or 
some other restraining force is applied. The trouble arises 
from the four-sided space C, which is here free to change its 
form. A member added in either diagonal of this space will 
cure the evil. One from the apex to the joint C A will plainly 
act as a tie, and will be found to supply the missing line c'c^ 
in the dotted diagram first drawn. From this diagram we see 
that the stresses in most of the pieces will then be greater 
than when the resistance comes from the wall. A strut 
between the joints FG and HI will also make the truss 
secure ; the reader can try such a diagram, and see what 
pieces have their stresses reversed by the change. Either of 
the above modifications puts the truss into the class having 
vertical reactions. 

61. Remarks. — As these trusses are usually made, reliance 
against change of form, where little or no horizontal thrust 
is supplied by the walls, is placed upon the stiffness of the 
rafters, which are of one piece from ridge to eaves, and on 
that of the two braces ; but a failure to get a good horizontal 
resistance from the walls has sometimes resulted in an 
unsightly sagging or springing of rafters and braces. The 
bending moments on these pieces are due to the horizontal 
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thrust. Bending moments on a rafter or other piece will be 
considered later. 

It is worthy of notice that cd equals ba, or that the thrust 
i3 constant throughout the brace. Two members crossing as 
at A must naturally give a parallelogram in the stress dia- 
gram ; the component of the load at H I which starts down 
the brace will pass to E without being aflfected by crossing 
the other brace ; yet, to resist the tendency to sag spoken of 
above, and for the reason that the braces are better able to 
resist thrust by mutually staying one another, it is advisable 
to' spike them together at their intersection. 

62. Hammer-beam Truss; Curved Members.— Another 
example where the horizontal thrust of the truss against the 
walls must be ascertained is shown in Fig. 23. This frame is 
called a hammer-beam truss, and is a handsome type often 
employed, in this country and abroad, for the support of 
church roofs, the bracing being visible from below, and the 
spaces containing more or less ornamental work. When the 
church has a clear-story, the windows come between the trusses 
at B, the truss is supported on columns, and the roof of the side 
aisle takes up the horizontal thrust. If there are no side 
roofs, the main walls are properly strengthened by but- 
tresses. 

It will be well to note in advance that a curved piece in a 
truss, so far as the transmission of the force from one joint 
to another is concerned, acts as if it lay in the straight line 
between the two joints. The curved members in the present 
example are the quadrants of a circle. They may have any 
other desired curve, depending somewhat upon the pitch of 
the roof. If, now, we consider the point of support B P of the 
truss, and remember that the curved brace A O transmits the 
force between its two extremities as if it were straight, it will 
be evident that the thrust of the inclined piece, if any thrust 
exists in it, must have a horizontal component which cannot 
be neutralized by a vertical supporting force alone. There- 
fore, in addition to the reaction of half the weight of the roof 
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and truss, there must be supplied by the wall, assisted per- 
haps by a buttress or a side roof, a certain horizontal thrust. 

63. Amount of the Horizontal Thrust. — To determine 
the value of this thrust : — ^Let W equal the weight of truss 
and load. We have nine loaded joints, and there is, there- 
fore, ^W at each joint except the two extreme ones. The 
portion 213 may be considered a small truss, like Fig. 7, 
superimposed on the lower or main truss 462375, and thus 
bringing additional loads on the points 2 and 3. If then we 
regard the main truss as a trapezoidal truss, and consider 
that the pieces L A and Q A are unnecessary because the load 
is the same on the two halves of the frame, the trapezoidal 
truss will be 4 2 3 5, the brace 4-2 being made up of .an assem- 
blage of pieces. LA and Q A will be required when wind 
acts upon the roof. Considering the trapezoidal truss 42 35 
alone, the joint 2 will carry a load equal to that on D M, E K, 
and F I, or f W, the joint 3 will carry the same amount, while 
4 will support JW from CN, and 5 the remainder. If then 
we lay off on a vertical line f W, for the load on 2, and draw 
lines parallel to 2-4 and 2-3 from its extremities, the line 
parallel to 2-3 will be the stress in the same, and will also, 
since the load is vertical, be the horizontal thrust of the foot 
of the compound brace 2-4. This force is marked H in the 
dotted triangle drawn below the truss. A reference to § 25, 
Fig. 14, may aid one in understanding the above. 

64. Stress Diagram. — We now have the data for the 
stress diagram, of which one-half is shown. For the point 4, 
or B P, we have the upward supporting force bp =z i W, next 
/>a = H, the horizontal thrust, just determined of the wall, 
etc., against the joint, ao parallel to the line of action of AO, 
and finally o 6, the pressure of the post O B on 4. The result- 
ant oibp and pa, or ba, may of course be used for the reac- 
tion of the wall. Taking next the joint 6, we have cb the 
load, b o the thrust of B O, and we then draw o n and n c. The 
joint C D gives dcnmd. The joint M A already has the lines 
fnriy no and oa; since the line which is to close on m must be 
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parallel to L M, and a is already vertically over niyal can have 
no length, and there is no stress in A L, as before assumed. 
Upon taking the joint D E we find also that no stress exists 
in L K. The reader must not think this fact at variance with 
the value H which was said to exist in 2-3 when we consid- 
ered the trapezoid alone ; the triangular truss 123 will plainly 
cause a tension in 2-3, and, with this distribution of load, 
such tension will exactly neutralize the compression caused 
in the same piece by 4-2. If one will consider the truss as 
loaded at 6, 2, 1, 3, and 7 only, thus doing away with N M, K I, 
I G, etc., he will find that a diagram will then give some com- 
pression in K L. 

Another method of treatment will be applied to this truss 
later, § 75. . 

65. Different Horizontal Thrusts Consistent with 
Equilibrium. — In studying Fig. 22 we saw that the stresses 
in G C and C H were determined by the load G H, and that 
the space C would become distorted unless a horizontal 
thrust of a definite amount, here a^a, was supplied by the 
walls. In Fig. 23 also the same things are true ; the trape- 
zoidal truss 42 3 5 requires a certain horizontal thrust at the 
points 4 and 5 to balance its load ; a greater or less thrust 
will cause the truss to rise or fall, so long as L A and Q A are 
neglected, for in that case motion can freely occur at joints 2 
and 3. If, however, these pieces are under stress, a greater 
or less horizontal thrust may be applied, the truss will still 
be in equilibrium, and the diagram will close. Indeed a ver- 
tical reaction is a supposable one, in which case O A must be 
without stress. The same statement applies to Fig. 22, if one 
of the diagonals of the space is put in. As all roof-trusses 
of small depth in their middle section, as compared with their 
total rise, have a tendency to spread under a load, and hence 
to thrust against their supports, their diagrams should be 
drawn for a moderate amount of thrust at least, if it is desired 
to have them maintain their shape ; and the supports should 
be able to oflfer this resistance, or a tie should be carried across 
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l)elow. otherwise, in addition to the sagging, a large increase 
of stress is likely to be found in some of the parts as a result 
of a vertical reaction. The determination of the horizontal 
thrust in a braced frame of this kind is not very simple, but 
may be worked out by a method given in Part III, " Arches,'* 
Chap. XII. 

66. Proof. — That such trusses are in equilibrium under a 
greater or less amount of horizontal thrust, or even when the 
reactions are vertical, provided the pieces are able to with- 
stand the resulting stresses, is illustrated by Fig. 24. Here 
iihe load C B is taken as twice D C. The vertical reactions h a 
and ad are calculated by the method of § 26. The diagram 
with unaccented letters is then drawn and closed as usual. 
Next, any horizontal thrust a a' at the points of support is 
■assumed and the diagram with accented letters is drawn. 
This diagram also closes. The reduction of all of the stresses 
•except that in fg is most marked. We see from these cases 
that only when the truss admits of deformation by the distor- 
tion of some interior space such as C of Fig. 22, or B of Fig. 
27, is the horizontal thrust determinate by the method of 
these chapters; and that moderately inclined reactions or 
the tension of a horizontal tie between points of support are 
favorable to a reduction of the stresses. 

Arched ribs of a nearly constant depth, not infrequently 
employed in railroad stations and public halls, will be treated 
in Part III. 
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FORCES NOT APPLIED AT JOINTS. 



67. First Diagram. — In the trusses heretofore treated the^ 
loads have been concentrated at those points only which were 
directly supported. It sometimes happens that the cross- 
beams or purlins, which connect the trusses and convey the 
weight from the secondary rafters to the main rafters, rest 
upon the latter at points between the joints. Let us, in Fig. 
25, assume that a load rests upon the middle of each of the 
upper rafters. If we neglect the bending action of the load 
EG upon the rafter and proceed as usual, we consider that 
one-half of the load E G will be supported at each of the 
joints C E and G K, and similarly for the load K M. There- 
fore, having laid off the weights and the two equal reactions 
of the walls on the load-line of the first diagram, we may in- 
crease the loads on the joints C E, G K, and M O by the new 
points of division, and complete this diagram, taking first B, 
then the next joint on the inside, and then the outside one. 
It will be noticed that all of the pieces except the rafters are 
ties. 

68. Suppl3ring Imaginary Forces. — This diagram gives 
but one stress along the whole of the upper rafter ; but it is 
plain that the vertical force E G must have a component along 
the rafter and cause a different stress to exist in E T from 
what exists in G T. If, however, we suppose a joint to be at 
E G, the transverse component of E G will cause it to yield, 
as there is no brace beneath to hold it in place. To secure 
equilibrium here we may supply an imaginary force EF, 

shown by the dotted line, equal and directly opposed to this. 
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transverse component. This imaginary force will take the 
place of a perpendicular strut, will steady the joint, and will 
leave the longitudinal component to affect the rafter. But 
the transverse component of FG actually gives a pressure at 
the joints C E and G K, while the imaginary force E F, just 
added, will lift the ends of this rafter by the same amount ; 
therefore we must restore the pressure, and the equilibrium 
of the rafter FT as a whole, by adding imaginary forces, each 
one-half of E F, at C D and G H. This added system of forces 
cannot interfere with the stresses in any other pieces, for they 
balance by themselves. Treat the similar load K M in the 
same way. 

69. Second Diagram. — ^In the second diagram the two 
supporting forces, pa and aft, are each equal to one-half the 
total load. Lay off 6 c as before ; draw the dotted line c d, equal 
and parallel to the first imaginary force C D ; then de vertical, 
as before ; then e/, equal to, and in the direction of E F ; then 
/gr, and so on, arriving finally at p, as usuaL 

The construction of the rest of the diagram presents no 
difficulty ; the joints are taken in the same order as before, 
and, when we have more than one external force on a joint, 
we take them in succession, in the order first observed for the 
external forces. When we reach the upper rafters, we find 
that g falls on the line et\ etis greater andgr^ is less than the 
line for the same piece in the first diagram. 

70. Comparison of Results. — Thus it appears that the 
first diagram gives the stress which would exist in the whole 
length of the rafter E T G, if the load F G were actually at its 
extremities ; but, being at its middle point, one-half of the 
longitudinal component of F G goes to diminish the compres- 
sion otherwise existing in G T, and the other half to increase 
the compression in E T. A comparison of the two diagrams 
will also show the truth of the former statement, that the 
system of imaginary forces does not affect any of the truss 
outside of the particular pieces to which it may be applied. 
It is still necessary to provide for the bending action of the 
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transverse portion of F G, or a force equal and opposite to E F 
upon the rafter, considered as a beam extending from hip to 
apex, a joint of course not being made at £ G. This subject 
will be ti:eated in Chapter IX. 

71. Remarks. — ^If the action of the wind upon this truss is 
considered, it will be seen at once that no special treatment is 
needed ; for the wind pressure is normal, and the addition of 
the opposite force EF at once balances the force on this 
joint, and transfers it to the ends D and H as the first 
analysis did. The bending action on the rafter must, how- 
ever, be provided for. 

The treatment of loads or forces not directly resisted, at 
above, is given by Mr. Bow in his " Economics of Construc- 
tion," and may be applied to frames where one or more of the 
internal spaces are not triangles, but quadrilaterals. If such 
spaces are not surrounded by triangular spaces on at least all 
sides but one, the truss is liable to distortion, unless the re- 
sistance of some of the pieces to bending or the stiffness of 
the theoretical joints is called into play. A use of this treat- 
ment at many points in the same diagram will, however, be 
apt to make confusion. 

Another application of imaginary forces, where a bending 
moment exists, will be made at the close of the next chapter. 



CHAPTEE Vin. 



SPECIAL SOLUTIONS. 



72. Reversal of Diagonal. — Difficulty is sometimes ex- 
perienced in completing the diagram for a truss because, 
after passing a certain point, no joint can be found where but 
two stresses are unknown ; while yet, judging from the 
arrangement of the pieces, the stresses ought apparently to 
be determinate. Such a case was found in Fig. 11, and was 
solved in § 20 by what might be called the law of symmetry. 
A method of more general application to these cases is what 
may be styled Reversal of a Diagonal. 

It has been pointed out already that, if any quadrangular 
figure in a truss is crossed by one diagonal, the other diagonal 
of the quadrangle may be substituted for the former without 
affecting the stresses in any pieces except those which make 
up the quadrangle. See §§ 26 and 53. It will be found that 
such a change often reduces the stress in one or more pieces 
of the quadrangle to zero, and thus makes the truss solvable 
graphically. It will be well, if the reader fails to distinguish 
readily the altered truss from the original one, to temporarily 
erase from a pencil sketch the pieces thus rendered super- 
fluous, or to draw the truss anew with the proper changes as 
has been done in Figs. 26 and 27. The modified truss will 
then be easily analyzed, and, when the old members are 
restored, enough stresses will be known to make the final 
solution practicable. 

73. Example. — This method will first be applied to the 

roof-truss. Fig. 26, of a railroad station at Worcester, Mass. 

The span of this roof is 125 feet ; entire height, wall to apex, 
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45 feet ; camber of main tie 8 feet ; rafter divided into six 
equal panels ; trusses 60 feet apart. 

Under steady load the tie bars S T, T U, U W, WS, which 
cross the centre line of the truss, will be without stress, as in 
Fig. 14, § 25. Indeed, as these two centre ties are indepen- 
dent of one another, but one can be in action at a time, as, 
for instance, S W and T U when the wind is on the left side. 
If we begin our diagram from B with cbakc, we meet with 
no difficulty until we have passed the joint E F, for which we 
drew/enop/. At either of the next joints are three un- 
known stresses. As all stresses are determined up to the 
piece P Q, change the diagonal Q B in the adjoining quadri- 
lateral from the position of the full lilie to the dotted one. 
Then the joint F G, as seen in the sketch below, will give us 
9/P9 9' ^ *^® full-lined diagonal has been removed, the 
joint B W has disappeared ; for, if three supposed forces are 
in equilibrium at one point, § 17, and two of them act in one 
line, the third force must be zero, and B S therefore can have 
no stress. The stress in SW will also be zero unless it 
resists wind on the left, and the stress in S T is then zero. 
In either case we can draw h g q'r^h for the upper joint, and then 
find a w and w r\ if it exists, at the lower joint The dotted 
peak is not in the main truss, but in the jack-rafters which 
transfer their load to G H and H I ; if one prefers, he may 
put a load at the peak and draw the triangle of forces for 
that point. 

After using the above expedient on the other half of the 
truss also, if the load is unsymmetrical, we replace the 
reversed diagonal and find the true stresses in the pieces 
aflfected by the change, — the diagonal and the four sides of the 
containing quadrilateral. Hence we may draw poatvgp far^ 
the lower joint or hgrsh for the upper joint, and finally 
g/pgrg for the left-hand joint of the quadrilateral. 

74. Folonceau Truss. — The left half of Fig. 29 is the same 
as Fig. 11. It will be remembered that we were stopped at 
the piece D £ of Fig. 29 by having three unknown stresses at 
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either end. Change the full line EF to the dotted one. The< 
stress in F G at once becomes zero, as did B 8 in Fig. 26. 
We may now find the stresses in D E and EL at the joint 
KL ; iM dotted EF and GM at joint LM, and in AH and 
H F at the lower joint. Then the diagonal may be replaced 
and the stresses in D E, E F, F G, E H, and F L rectified. 
The right half of Fig. 29 may be similarly solved by revers- 
ing the diagonal P Q, which change makes the stress in 
O P zero. 

75. Hammer-Beam Truss, by Reversal of Diagonals^ 
— The hammer-beam truss of Fig. 27 differs from that of Fig-^ 
23 by the omission of the vertical in the space E. As pointed 
out in § 66, this omission renders the horizontal thrust of this. 
truss definite. In attempting to draw a diagram, however, 
we cannot apparently begin at the wall until we know the 
horizontal thrust, and, if we begin at F G, we soon meet with 
joints where three unknown forces are found. The method 
of the preceding sections will first be applied to the right 
half. Draw gfr for the upper joint, hgrsh for joint GH» 
&nd/eqr/toT EF. As joints HI and RA are now insoluble, 
draw dotted T W for the full-lined diagonal T W, and do the 
same with X Y. The truss will thus be changed to the form 
of the sketch below. For, since T A and YA act in the same 
straight line (shown dotted on left half of truss), the stress in 
W X is now zero, and T A and Y A have the same stress. 
Further, at joint K L there remain K Y, Y L, and the exterior 
force or load K L, which latter acts in the vertical line Y L ; 
hence the stress in K Y is now zero, and Y L carries K Ii 
only. We can therefore draw ihst'i for joint HI, kit^w^k 
for joint I K, w't'a rq . . . aw' for joint A R, and I k w'a I for 
the abutment. The reaction a I, being thus determined, can 
be used to draw the diagram, as in Fig. 23. The diagram for 
the left half of the truss is given in full lines, and it may be 
seen that A P and A T are now useful. 

76. Method of Trial and Error.— Where the unknown 
stress in but one piece appears to stand in the way of & 
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solution, the diagram ma}^ sometimes be drawn with com- 
parative ease by trial. Thus, in the left half of Fig. 27, 
we may assume the value of the horizontal thrust or of the 
stress in P Q and proceed with the diagram. Upon its failing 
to close, we can change the assumed quantity and try again. 
Thus, beginning at the apex, draw gfrg, f^qrf, and 
hgrsh; then assume qp^ and its equal st\ The middle 
joint will give t'srqp'a' t'\ the joint DE, p'qedo'p\ etc.; and 
finally the horizontal line from n' will fail to meet a line 
parallel to A M on the load line, to give m 6 in the post. It 
is evident, upon a slight inspection, that qp^ is too long. 
The reader will find that he can soon bring the diagram to a 
closure by diminishing qp'. 

By the use of such approximations one of necessity loses 
that check on the accuracy of the diagram, of having it close 
with reasonable exactness. 

Fig. 30, in case one or the other of the dotted diagonals 
is used, will serve as an example for the practice of the pre- 
ceding suggestions. Which diagonal tie, if either, will be 
needed for wind, and which for steady load ? 
\, 77. Example. — We will close this branch of the subject 
with an example which will introduce one or two new points 
in addition to a combination of principles heretofore illus- 
trated separately. The example shows the capabilities of 
this method in handling complex problems. The structure 
drawn in Fig. 28 is to be treated as a whole in its resistance 
to wind pressure. 

The steady-load diagram would present no difficulty. The 
truss is carried upon columns which are hinged at their 
lower ends B and P, each being connected by a pin to its 
pedestal. The brace at E is therefore necessary to prevent 
overturning. The proportions of the frame are as follows : 
Distance between columns, 76 ft.; AC = 15 ft.; Q E = 7 ft.; 
camber of lower tie, 3 ft.; 1-A = 19 ft.; height of space 
1 = 16 ft; of Y = 7 ft.; extreme height, ground to peak, 48 ft 
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Distance between trusses, 12 ft. Scale 40 ft. = 1 in. Scale of 
diagram ,^8000 lbs. == 1 inch. No wind on C. 

Wind pressure on main roof, 12,000 lbs. = hj ; therefore/gr, 
ghy etc., = 3000 lbs.; wind pressure on KX=3360 lbs.=y-10 ; 
on L Y = 3500 lbs. = 10-m. The dotted arrows are resultants 
of wind pressure on the sloping surfaces. By moments 
about P, or by proportion of segments of span BP, as 
in § 48, we find 

that 8368 lbs. of hj is carried at B, and 3632 lbs. at P. 
that 940 '* ** 10-w ** ** " " 2460 ** ** ** 



9308 lbs. = 6-9 '' " "• " 6092 " " ** 

The horizontal force, /-lO, at K, may be supposed to be 
resisted equally at each point of support, since the two posts 
will be alike. Hence jk = 9-a' = Uj-lO) = 1680 lbs. is 
carried at B. The moment of this horizontal force K about 
B or P, tending to overturn the frame, or the couple formed 
by K and the equal reaction in the line P B, will cause an 
increased upward vertical force at P and an equal downward 
force or diminished pressure at B. Its value, § 42, will be 

3360 X 39# 

5 =: 1760 pounds = a' a. The reaction at B must 

balance the components, 6-9, 9-a\ and a'-a^ and hence will 
be a b. The reaction at P will then be m (or p) a, which may 
be checked in detail, if desired. 

The reaction aft, at B, will now be decomposed into its 
vertical ^,nd horizontal components ac and cb. The piece AC 
can resist ac as a strut or post, but must carry cb 5900 lbs. by 
acting like a beam. Were there a real joint at D the struc- 
ture would fall. It is therefore necessary to make the post 
of one piece, or as one member from B to R. The magni- 
tude of the horizontal force at F caused by the 5900 lbs. of 
horizontal force at B will be in the ratio of the two segments 
of the column (beam) or as 15 to 7, or 12,643 lbs. These two 
forces must be balanced at D by a force equal to their sum. 
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or 18,54^ lbs. As in § 68, Fig. 25, this beam action of the post 
must be neutralized, before the diagram can be drawn, as 
these diagrams take no account of bending moments, for 
which see Chap. IX. 

We therefore apply at B the imaginary horizontal force 
Ac = 5900 lbs., opposed to the direction of the reaction, and 
leaving only a c, the vertical component, which is balanced by 
the post ; at CD we apply cc? = 18,543 lbs.; and at EF, we 
add ef = 12,643 lbs. The sum of these three imaginary hori- 
zontal forces being zero, the stresses in the truss are not dis- 
turbed. The same steps must be taken at P, the horizontal 
forces ran, no, and op being obtained by the same process 
from the horizontal component^© of the reaction /)o. 

The load line therefore finally becomes hcd efg hiklmn op, 
the force D E being shifted laterally as shown, and i k being 
tlie resultant of ij ajidjh The stress in DQ is readily ob- 
tained by drawing deq. Then the point D of the post gives 
the figure acdgra, determining the stresses in the upper 
part of the post and the brace R A. The remainder of the 
diagram presents no difficulty. 

The column must be designed to resist the large bending 
moment to which it is liable, as well as the thrust q r. For 
bending moments, etc., see the next chapter, and also Part II. 
As this structure is supposed to be open below, the lower 
member should be adapted to resist such compression as may 
come upon it from the tendency of a gust of wind, entering 
beneath, to raise the roof. 



CHAPTEE IX. 

BENDING MOMENT AND MOMENT OF RESISTANCE. 

78. Load between Joints. — Having treated of the action 
of external forces upon a great variety of trusses, we propose 
now to investigate the graphical determination of the bending 
moments which arise from the load on certain pieces, and of 
the stresses due to the moments of resistance by which the 
bending moments must be met. 

To recapitulate some statements of earlier chapters : — In 
xjase the transverse components of the load upon a portion of 
A rafter, or other piece of a truss, are not immediately resisted 
by the supporting power of some adjacent parts, or, in other 
words, unless the load on a structure is actually concentrated 
at the several joints, such transverse components will exert a 
bending action on the portion in question, and the additional 
stress thus caused in the piece may be too great to be safely 
neglected. Further, in case the piece makes any other than a 
right angle with the line of action of the load, or has an 
oblique force acting upor it, the stress along it, given by the 
diagram, will be less than the maximum, and will generally be 
the mean stress. Lastly, in case a piece is curved, a bending 
moment will be exerted upon it by the force acting along the 
straight line joining its two ends, this bending moment being 
a maximum at the point where the axis or centre line of the 
piece is farthest removed from the line drawn between its ends. 

79. Example. — To illustrate the former statements by a 
'V simple example : — Suppose the rafters A C and B C, Fig. 31, 

\r^' to be loaded uniformly over their whole extent. Let us 
Assume, in the first place, that the tie AB is not used, but 

59 
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that the thrust of the rafters is resisted by the walls which, 
carry the roof. Consider the piece AC. Since the roof is 
symmetrically loaded, the thrust at C must be horizontal, and 
therefore the reaction which supports this end of A C will lie 
in the line C E. The centre of gravity of the load on A C is at 
D, its middle point, and the resultant of the load will, if pro- 
longed upwards, intersect CE at E. Since the rafter is in 
equilibrium under the load and the reactions at C and A, the 
direction of the reaction of the wall at A must also pass 
through E (compare Figs. 3 and 4). Draw A E and prolong 
E D to G. Let E G be measured by such a scale as to repre- 
sent the load on A C. The three forces meeting in the common 
point E will then be equal to the respective sides of the tri- 
angle AEG, drawn parallel to them ; and, since A G equals 
E C, the reactions at A and C will be A E and C E. 

We now decompose AE and CE into components along 
and transverse to the rafter, and have A F, direct compression 
on the rafter at A, and CF, direct compression at C. The 
compression on successive sections of the rafter increases from 
C to A by the successive longitudinal components of the load. 
The two components A L and C Q, which, combined with A F 
and C F, give the original forces A E and C E, are analogous 
to the supporting forces of a beam or truss, and through them 
we obtain the bending action of the load on this rafter. If, 
now, the rafters simply rest on the wall, being secured against 
spreading by the tie A B, the reaction A E will be replaced by 
the two components, A I, the upward supporting force of the 
wall, and A G, the stress exerted by the tie ; these two forces 
give the same stress and bending moments on the rafter as 
before. 

80. Comparison with Diagram.— Consider, next, the 
method by diagram. The load is now to be concentrated at 
the joints, and in place of E G, we shall have A N and C P, 
each one-half of the load on one rafter. Lay off 1-2 to repre- 
sent the total load on the roof, make 1-3 equal to AN and 
1-4 to A I, and draw 3-5 and 4-5 parallel to the rafter and tie.. 
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A G will equal 4-5, and therefore the stress in the tie is given 
correctly; but, since AI— AN=:AK = 3-4, 3-5 equals AD, 
and this is the stress given by the diagram as existing from A 
to C, a supposition which is true when the load is actually 
concentrated at the joints, but is not true for a distributed 
load. But A D, or 3-5, is equal to one-half of AF -|- F C, and 
is manifestly the value of the direct compression at the middle 
point D of the rafter ; all of the load from A to D was, when 
we drew the diagram, considered to be concentrated at the 
joint A. To 3-5, or A D, we should add D F, to obtain the 
correct compression A F at the lower end ; therefore a piece 
which supports a distributed load should have a compression, 
equal to the longitudinal component of so much of the load as 
is transferred to its lower end, added to its stress obtained 
from the stress diagram. The amount to be added, however, 
is generally insignificant as compared vdth the truss stress. 

The load on the principal rafters of a roof-truss is usually 
concentrated at series of equidistant points, by means of the 
purlinSy or short cross-beams which extend from one truss to 
another, and which are themselves weighted at a series of 
points by the pressure of the secondary rafters. These second- 
ary rafters, when employed, carry the boards, etc., and thus 
have a uniformly distributed load. It is only in cases where 
purlins rest at other points than the so-called joints that 
bending action occurs in the principal rafters, or in very light 
trusses where the boards are nailed directly to the main rafters. 
We need to determine the maximum bending moments on 
such main rafters, on the purlins and secondary rafters, in 
order to intelligently provide sections sufficiently strong to 
resist them. 

1^ 81. Bending Moment.— It will first be well to explain 
what bending moment and mxyment of resistance are. A horizon- 
tal beam A B, Fig. 32, supported at its two ends, when loaded 
with a series of weights, distributed in any manner, is in 
equilibrium under the action of vertical forces, the weights 
acting downwards and the two supporting forces acting up- 
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wards. These supporting forces are easily calculated by the 
principle of the lever, or by taking moments as explained in 
§§ 26 and 36. They will be found graphically presently. As 
the beam is at rest, there must be no tendency to rotate, and 
therefore, if we assume any point for an axis, the sum of the 
moments, that is of the products of each force by its distance 
from the axis, must equal zero. A moment which tends to 
produce rotation in one direction being called plus, one which 
acts in the other direction is called minus. If then we pass 
an imaginary vertical plane of section through any point in 
the beam, such as E, the sum of the moments on one side of 
the plane of section must balance or equal that on the other. 
The sum of these moments on one side or the other is called 
the befnding moment: the reason for the name will soon be 
evident. 

82. Moment of Resistance. — These bending moments on 
opposite sides of the section in question can balance one 
another only through the resistance of the material of the 
beam at the section where stresses between the particles are 
set in action to resist the tendency to bend. The beam 
becomes slightly convex, and the particles or fibres on the 
convex side are extended, while those on the concave side are 
compressed. Experiment shows that, for flexure within such 
moderate limits as occur in practice, the horizontal forces 
exerted between contiguous particles vary uniformly as we go 
from the top of the beam to the bottom, the compressive 
stress being most intense on the concave side, diminishing 
regularly to zero at some point or horizontal plane, called the 
neutral axisy then changing to tension and increasing as we 
approach the convex side. The two sets of stresses reacting 
against each other may be represented to the eye by the 
arrows in the vertical section marked E'. 

Since all of the external forces are vertical, these internal 
stresses, being horizontal, must balance in themselves, or the 
total tension must equal the total compression, whence it 
follows that the neutral axis must pass through the centre of 
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gravity of the section. To make this fact clear, let one con- 
sider that the distance of the centre of gravity from any as- 
sumed axis or the position of the resultant of parallel forces 
is found by multiplying each force or weight by its distance 
from that axis and dividing by the sum of the forces. Now if 
we attempt to find the centre of gravity of a thin cross-section 
of this beam, and take our axis through the point where the 
centre of gravity happens to lie, the sum of the moments of 
the particles on each side will balance or be equal, and we can 
see that the distance of each particle from the axis will vary 
exactly as these given stresses ; hence the neutral axis must 
lie in the centre of gravity of each cross-section. 

As these stresses are caused by and resist the external bend- 
ing moment on each side of the section, the moment in 
the interior of the beam, made up of the sum of the products 
of the stress on each particle multiplied by its distance from 
the neutral axis, or indeed from any axis, and known as the 
moment of resistance, must equal the bending moment at 
the given section. As the tensions and compressions on one 
side of the plane of section tend to produce rotation about 
the neutral axis in the same direction, their moments are 
added together. 

X 83. Formula for Bending Moment. — ^The bending mo- 
ment, then, in the beam AB of the figure, at any section E, 
will be, if P, is the supporting force on the right, W„ W„ 
etc., the weights, 

Pa. BE- W, . CE- Wa. DE; 

* 

or, in general, if L equal the arm of any weight, and 2 be 
the sign of summation, 

M (the bending moment) = Pa . B E — 2 W . L, 

it being remembered always to take only the weights between 
one end and the plane of section. 

The moment of resistance, being numerically equal to the 
bending moment, is therefore equal to the above expression, 
And the maximum stress at any section can thence be 
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determined, or the required cross-section to conform to the 
proper working stress for the material. The weights on one 
side of the section may all be considered to be concentrated 
at their common centre of gravity, or point of application of 
their resultant, so far as the bending moment at that section 
is concerned ; the load when continuous is always so taken. 

If the reader will take a special case, and, having a beam 
of known length with weights in given positions, will first 
find the supporting forces, and then calculate the bending 
moment on either side of a plane of section, he will obtain 
the same result with opposite signs, showing that the two 
moments balance one another. The numerical result, being 
the product of two quantities, is read as so many foot- 
pounds or inch-pounds, according to the units employed. As 
the stress in any material is usually expressed in pounds on 
the square inch, the latter units are the better. 

84. Equilibrium Polygon. — Let us suppose that the 
weights which, in Fig. 32, rest upon the beam are transferred 
to a cord at the several points c, d,/, and gf, vertically below 
their former positions C, D, F, and G, the cord itself being 
attached to two fixed points a and fc, at equal distances verti- 
cally from A and B. Let us further suppose that the amount 
of the weight at G alone is at present known. This cord can 
be treated as if it were a frame. Taking the joint g into con- 
sideration, draw 5-4 vertically, equal to the weight, then 5-0 
parallel io ag and 4-0 parallel to gf. The two lines just 
drawn must be the tensions in a^ and gf. For the joint /,/gr 
is now known ; therefore 4-3 parallel to the weight and 3-0 
parallel to fd will determine the other forces at/. The 
side 4-3 must equal the weight at F, and must lie in the same 
straight line with 5-4 ; for this triangle was constructed on 
the side 4-0 previously found. Continuing the construction 
for the successive angles of the cord, we find that a vertical 
line 5-1 will represent by its several portions the successive 
weights, and that the tensions in the different parts of the 
cord will be given by the lines parallel to these parts, drawn 



KOOF-TRUSSES. 65 

from the points of division of the load line, and all converg- 
ing to the common point 0. Draw 0-6 horizontally, and 
hence parallel to aft; this line will be the horizontal com- 
ponent of the tension at any point of the cord, and is here 
denoted by H. The form assumed by the cord for a given 
distribution of weights is called the Equilibrium Polygon^ as 
the system will be in equilibrium or at rest ; and it is also 
called in mechanics a funicular polygon. Stxidents of mechan- 
ics will recall the fact, so easily shown here, that the hori- 
zontal component H is a constant quantity at every point. 

85. Reactions. — If now the cord, instead of being fastened 
to fixed points at a and fc, is attached to the two ends of a 
rigid bar a h, and the whole system is then suspended from A 
and B by two short cords, its equilibrium will not be dis- 
turbed. The pull 5-0 at a will be decomposed into 0-6, com- 
pression in 6 a, and 6-5, tension along a A. Similarly at 
b, 0-1 will be decomposed into 1-6 along 6B and 6-0 
along a b. €-0 balances 0-6, while 1-6 and 6-5 must be the 
supporting forces at b and a. As the supporting forces do 
not depend upon the form of the frame or truss, the reac- 
tions which carry the beam at B and A must be these same 
quantities. 

^86. Equilibrium Polygon, General Construction. — We 
may make the construction more general by drawing an equi- 
librium polygon from any point a\ vertically below A, and find- 
ing the outline of a cord which will sustain in equilibrium the 
given weights at the given horizontal distances from A. Lay 
off the weights in succession from 5 to 1 ; assume any point 
0' arbitrarily and connect it with all the points of division of 
the load line. Begin at a\ and draw a^g^ parallel to 5-0', 
stopping at the vertical dropped from G ; then draw gr/' 
parallel to 4-0', etc., and finally c'6' parallel to 1-0'. That 
this will be the figure of a cord suspended from a' and 6' fol- 
lows from the preceding demonstration. Connect 6' with a' ; 
a line, parallel to b'a\ from 0' must strike the same point 6 
which the line from 0, parallel to ba, touched. The sup- 
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porting forces, if 6'a' exists, will be 1-6 and 6-5 as before ; 
but 0'-6' will be the horizontal component H' for this cord. 
87. The Equilibrium Polygon Gives Bending Mo- 
> ments. — If we turn again to the first cord, attached at a and 
6, the piece a b being dispensed with, the moment of all the 
forces on one side of anj^ point, such as e, must be the bend- 
ing moment there ; but as the cord is perfectly flexible and at 
rest, this bending moment will equal zero. Using, instead of 
1-0, its two components 1-6 = P, and 6-0 = H, multiplying 
each force by the perpendicular distance of its line of action 
from e, calling the combined moments of the weights on one 
side of e 2 W . L as before, and denoting the tendency to pro- 
duce rotation in opposite ways by opposite signs, we shall 
have, for moments of forces on the right of, and around e, 

Pa . 6A; — :SW.L — H . cA = 0, 
or 

H. ek = V^ . bk-2W. L. 

But 'P,.bk = P. . BE, and P, . BE - JS^W.L = M, the bend- 
ing moment at the section E of the beam, as shown in § 83 ; 
therefore 

U = ll.ek. 

By a similar analysis of the lower cord we have 

Pa ,ik' - 2W, L = (6-0') . e'Z = M. 

From similarity of triangles I e'V and 6' 0' 6, we have 

e'l : e'A;'=:6'-0' : 6-0', 

or 

(6-0') .c'Z = (6'-00 .e'A'; 

therefore 

M=(6'~0'). e'A;' = H'.e'A', 

as in the other case. The solution is therefore general, and 
the bending moment at any section of the beam equals the 
product of H from the stress diagram 015 by the vertical 
ordinate, below the section, from the cord to the line connect- 
ing its two extremities. 



\ 
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88. Remarks. — The relative situations of a' and V will de- 
pend upon the choice of the position of 0', and this point 
may be taken wherever convenient. H' is measured by the 
same scale used in plotting 5-1, while ek' must be measured 
by the scale to which AB is laid off. The two scales, one 
representing pounds^ the other inches, need not be numerically 
the same ; their product will be inch-pounds. 

A single load on the beam will have for its equilibrium 
polygon two straight lines from a' and h\ meeting at a point 
vertically under the weight. A uniformly distributed load 
will give a parabola with the maximum ordinate at the middle 
of the span. This load may be treated as if concentrated at 
any convenient number of points along the beam, as we have 
done in getting the loads at the several divisions of a rafter, 
and the angles of the polygon will lie in the desired parabola. 
When the beam is inclined the transverse components alone of 
the load produce any bending, as explained for a uniform 
load in § 79. Wind pressure will act as a uniform normal or 
transverse load on the piece which directly resists it. 

The equilibrium polygon has much more extended applica- 
tions in Parts II. and III. 

89. Moment of Resistance of Rectangular Cross-Sec- 
tion.— Next, to determine the moment of resistance for a par- 
ticular form of cross-section : — Consider a beam of rectangular 
cross-section, represented by A B C D of Fig. 33. The inten- 
sity of stress, as shown at E', Fig. 32, varies uniformly each 
way from the neutral axis which, lying through the centre of 
gravity G of the cross-section, will be at E F, the middle of 
the depth. The stress on a square inch will be most intense 
on the fibres at the edge AB or C D, and less intense on any 
intermediate layer, such as I K, in the proportion of E I to 
E A. If then we draw from G the lines G A and G B, and 
imagine that the layer I K is replaced by I' K', which has its 
breadth diminished in the same proportion, the total stress 
on I' K', if of the intensity found at A B, will be equal to the 
total stress of less intensity actually existing on IK. The 



68 ROOF-TRUSSES. 

former stress will also have the same leverage about E F as 
does the actual stress on I K. By the same reasoning for all 
layers of the cross-section, we obtain two triangular, shaded 
areas, ABG and GDC, which may be termed equivalent areas 
of uniform stress of intensity equal to the actual maximum ; 
one of them, usually the upper one, when multiplied by this 
maximum intensity of stress, represents the total compression, 
and the other the total tension at the section. The moments 
of this tension and compression about the neutral axis will be 
most readily obtained by considering the stress, which is now 
uniformly distributed over the triangle, as concentrated at its 
centre of action, the centre of gravity G' of the triangle, dis- 
tant two-thirds of its height from the apex G. 

Let h represent the breadth and h the height of the cross- 
section in inches ; the area of one triangle will be ib.^h; and 
the lever arm about E F will be f . ^ A. Let / represent the 
maximum stress on the square inch at A B. Since the tension 
and compression tend to produce rotation in the same direc- 
tion, we add the moments of the two forces together and have 

-2 ./• i A) = moment of resistance = \fhV, 
Putting this value equal to the bending moment M, we obtain 

H' . eT = yh h\ 

If we select the maximum value of e^k\ introduce the safe 
working stress/ for the extreme fibres, ^.nd assume either 6 or 
h, we can compute the other required dimension, and thus 
determine the beam when of uniform section throughout. If 
the cross-section is to vary, its moment of resistance at differ- 
ent points must at least be equal to the bending moments. 
As the stiffness of the beam depends principally upon A, the 
depth must not be made too small. If the beam has too little 
breadth the compressed edge will yield sideways. 

90. Moment of Resistance of T Section. — It is easy to 
compute the size of a beam of rectangular cross-section by the 
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above formula, but for less regular sections the determination 
of the moment of resistance by this graphical method may 
prove of service. In applying it to a beam of the section 
shown in Fig. 34 we must begin by finding the centre of 
gravity of the section. By multiplying each rectangular area 
by the distance of its centre of gravity from either the top or 
the bottom, adding these products, and dividing by the 
whole area, we find the distance of the neutral axis from that 
edge. If GI = 6, AB = b\ GE =: A, and C A = h\ we have 

— : rV , ,.7/ = distance of neutral axis from G I. 

The construction of the shaded area A P B needs no expla- 
nation, as it follows the previous example. The stress on the 
fibres at the edge G I will not be so great as at the edge A B, 
because they are not so far from the neutral axis. If the 
fibres at G I were removed to K L, so as to be equally remote 
with AB, they would be equally strained. Then to reduce 
the layer G I to one which, if it had the same intensity of 
stress with A B, would give the same total stress which now 
exists on GI, project GI to KL, draw KP and L P, and G'l' 
will be the desired reduced length. The remainder of the 
shaded area for the lower rectangle follows the usual rule. 
In the same way, the fibres at C D will be projected at Q B, 
and, by drawing Q P and B P, we determine CD', and thus 
complete the shaded portion. These triangles, etc., can be 
readily scaled, or computed from the known proportions of 
the beam, their centres of gravity found and the moment of 
resistance calculated. 

91. Moment of Resistance of an Irregular Section. — ^A 
good example of a section whose moment of resistance is not 
readily determined by computation alone is afforded by a 
deck-beam. Fig. 35, often employed in floors and roofs. It is 
here drawn to one-quarter scale, showing height of section 6 
inches, breadth of flange A B 3J inches, thickness of web | 
inch, weight per yard 44 lbs. ; therefore the area of cross-sec- 
tion is about 4.4 square inches. 
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The readiest way to determine the moment of resistance of 
such a cross-section is as follows : — Transfer its outlines from 
the book of shapes or by such data as you hare to a sheet of 
heavy paper, and make a tracing for construction purposes. 
Cut the section from the heavy paper, balance on a knife-edge 
and thus determine the neutral axis C D. Then on the trac« 
ing draw K L horizontally at the same distance from C D that 
S T is. A B will be projected at K L, and lines from K and 
L to P, the middle point of C D, or the centre of gravity of 
this section, will cut A B at A' and B', making A' B' the 
reduced length of A B, and now considered to have the same 
stress per square inch as exists at I G. In the same way the 
end M of M N will be projected at O, the point U at V, and 
the lines from O and V to P will cut the horizontal lines 
through M and U at new points in the desired curve. Thus 
enough points are soon obtained to locate the boundary of 
the shaded portion from B' to P. The part of the web with 
straight sides gives of course a triangle, found at once by 
drawing a line from W to P. The curve A' P corresponds 
with B' P. For the lower portion, project E F on T S, draw 
lines to P, and get in a similar way enough points for this 
curve. Cut out the two shaded figures from the heavy paper, 
balance each one over a knife-edge and thus determine their 
respective centres of gravity Q and B. Calculate the area of 
one ; the area of the other should exactly equal it, for the 
total tension equals the total compression. CalliDg this area 
A and the safe working stress on the square inch/, we shall 
then have for the moment of resistance 

/. A. PQ+/. A. PR=/. A. QR. 

In this example A = 1.29 sq. inches, P Q = 2.12 inches, and 
P E = 2.66 inches. If therefore for a static load / = 12,000 
lbs., the moment of resistance equals 

12,000 X 1.29 X 4.78 = 74,000 inch-pounds. 

92. Moment of Resistance of I Beam. — ^In simpler cases 
the required size of beam to sustain a given load is more read- 
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ily found by formula. If I beams are used, the web being 
thin, and the top and bottom flanges alike, an approximate 
formula may be used. If F represents the area in square 
inches of the cross-section of either flange, W the area of the 
web, h the depth from centre to centre of flanges or the entire 
depth minus thickness of one flange (that is, between centres 
of gravity approximately), and/ the safe stress on the square 
inch, the moment of resistance is nearly equal to 

/A(F + iW). 



CHAPTEE X. 



LOAD AND DETAILS. 



93. Lateral Bracing.— The principal trusses, if large, 
should be braced together in the planes of the rafters to pre- 
vent wind, in a direction perpendicular to the gable ends, from 
producing any lateral movement. The roof boards, if laid 
close, and well nailed, will stiffen trusses of moderate span. 
It is often customary also to fasten the trusses down to the 
walls, especially in those buildings where wind may get below 
the roof. In such cases it is proper to consider and provide 
for the tendency of the wind to reverse the stresses in a roof 
which has a light covering. 

94. Weight of Materials. — The weight of the roof cover- 
ing can be ascertained in advance. The bending moments on 
the jack-rafters and the purlins can then be found, their sizes 
computed and their weights added in. The weight of the 
truss must then be assumed from such data as may be at 
hand. After the diagrams have been drawn and the truss has 
been roughly designed, its weight should be calculated to see 
how well it agrees with the assumed weight. If this agree- 
ment is not sufficiently exact, the proper allowance is then to 
be made. 

Trautwine says that, for spans not exceeding about 75 feet, 
and trusses 7 feet apart, of the type shown in Figs. 11 and 29, 
the total load per square foot, including the truss itself, pur- 
lins, etc., complete, may be taken as follows : 

Roof covered with corrugated iron, unboarded, . . 8 lbs. 

Same if plastered below the rafters, 18 ** 

Roof covered with corrugated iron, on boards, . . 11 *'. 
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Same if plastered below the rafters, 21 lbs. 

Roof covered with slate, unboarded or on laths, . . 13 '* 

Same on boards li inches thick, 16 ** 

Same if plastered below the rafters, 26 ** 

Roof covered with shingles on laths, 10 ** 

For spans from 75 feet to 150 feet it will suffice to add 4 lbs. 
to each of these totals. 

The weight of an ordinary lathed and plastered ceiling is 
about 10 lbs. per square foot ; and that of an ordinary floor 
of 1-inch boards, together with the usual 2 X 12 inch joists, 
12 inches apart from centre to centre, is from 9 to 12 lbs. per 
square foot White pine timber, if dry, may be considered to 
weigh about 25 lbs., northern yellow pine 35 lbs., and south- 
em yellow pine 45 lbs. per cubic foot ; if wet, add from 20 to 
60 per cent. Oak may be reckoned at from 40 to 50 lbs. per 
cubic foot ; cast iron at 450 lbs. per cubic foot ; wrought iron. 
at 480 lbs. per cubic foot. 

The allowance to be made for the weight of snow will 
depend upon the latitude ; from 12 to 15 lbs. per square foot 
of roof will suffice for most places. In some situations snow 
may accumulate in considerable quantities, becoming satu- 
rated with water and turning to ice ; but snow saturated with 
water will generally slide off from roofs of ordinary pitch. 
The weight of a cubic foot varies much ; freshly fallen snow 
may weigh from 5 to 12 lbs. ; snow and hail, sleet or ice may 
weigh from 30 to 50 lbs. per cubic foot, but the quantity on 
a roof will usually be small. 

V 95. Action of Materials under Stress.— After the stresses 
in the frame are determined, the several parts must be designed 
to withstand them. While it is not the purpose of this work 
to explain minutely the method of proportioning the members 
of a truss and of working out the details, a few suggestions as 
to safe stresses and some points which should be borne in 
mind in designing may not be amiss. 

As materials, if repeatedly strained to an amount at all 
approaching the breaking strain, will fail sooner or later, the- 
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severe action weakening tliem, and as we must provide for 
unforeseen and unknown defects of material and workman- 
ship, as well as for more or less of shock and vibration, it is 
customary to so proportion the several parts of a structure 
that they will be able to resist without failure much larger 
forces than those obtained from the stress diagrams. The 
smaller the load or stress on a piece the greater number of 
applications and removals before the piece is injured or 
broken. If the stress is reduced so much by increase of 
cross-section of the member that the piece will safely sustain 
an indefinitely great number of repetitions of it, such cross- 
section will be the proper one for a piece in a bridge or 
machine. 

The stress arising from a stationary load, such as the weight 
of the structure, which is constant, is not so trying as repeated 
application and release of the same stress. The heavy wind- 
stresses determined in the previous chapters are not likely to 
occur more than once or twice, if at all, in the life of the 
structure. Hence good practice will authorize the employ- 
ment of stresses some fifty per cent, in excess of those consid- 
ered allowable in first-class bridge structures and those sub- 
jected to frequent change of load, to shock and vibration. 

96. Allowable Stresses. — In accordance wdth this view, 
the following values may be used, where the wind-pressure of 
Chapter IV. has been allowed for. 



Material. 



White Oak 

Long-leaf Southern Pine — 

Oregon Pine or Fir 

White Pine (Eastern) 

Spruce 



Wrought Iron . 



best quality . . 



Bending 
Stress. 




Compres- 


Compres- 


Tension. 


sion with 


sion across 






grain. 


grain. 


1,600 


1,500 


1,400 


400 


1,600 


1,400 


1,400 


300 


1,600 


1,800 


1,300 


250 


1,400 


800 


1,200 


200 


1,200 


1,200 


1,200 


200 






Compression 


10,000 


12,000 


10,000 


13,000 


15,000 


12, 


000 



Shear with 
grain. 



180 

150 

200 

100 

100 

Shear 

8,000 

10,000 



The quality of the iron employed materially affects the 
force which it may safely resist 
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The above values must not be applied to parts subjected to 
moving loads, such as floor-beams and suspending rods for 
same, unless the load is moderate in total amount and very 
gradually applied and removed. For bridge work they must 
be reduced from 20 to 33 per cent. 

97. Tension Members. — Pieces in tension will be liable to 
break at the smallest cross-section. It is therefore economi- 
cal to enlarge the screw-ends of long iron rods and bolts so 
that the cross-section at the bottom of the threads shall be 
at least as large as at any other point. It is desirable that 
the centre of resistance of the cross- section of struts and ties 
shall coincide with the centre of figure, as a de^dation from 
that position greatly weakens the piece. To calculate the net 
or smallest cross-section of a tension member where the pull 
is axial or central it is sufficient to divide the force by the safe 
working tensile stress. Allowance must be made for diminu- 
tion of cross-section by any cutting away, bolt or rivet holes. 

98. Compression Members.— For very short pieces or 
blocks in compression, whose lengths do not exceed six times 
the least dimension, the same process may be followed. But 
a^ the length increases the strut has a tendency to yield 
sideways when compressed, and the cross-section must be 
increased. The most comprehensive formula for such pieces 
is that known as Gordon's Formula. Letting I denote the 
length of the piece in inches, h its least external diameter in 
inches, S the cross-section in square inches, P the given force 
to be resisted in pounds, / the safe working compressive 
stress, and a a certain constant, this formula, for pieces with 
flat, securely bedded ends, or ends flxed in direction by bolt- 
ing or riveting, may be written 

p_ /s 

1+4. 

where a = ^^^ for rectangular timber struts, and -^^ for rect- 
angular wrought-iron struts. 
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If the struts are jointed at their ends by pin connections, 
or are so narrow as to readily yield sideways at these points, 
use 2 a in place of a ; if one end is firmly fixed in direction 
while the other end is jointed use fa in place of a. 

It is convenient to assume A and compute S . If the otiier 
dimension then comes smaller than A, a less value must be 
taken for h than before, and the calculation made anew. For 
cross-sections in wrought iron not rectangles, such as L, T, 
and H secftions, 1^1 may be used in place of I. 

Pieces subjected alternately to tension and compression 
should have a materially larger section than would be 
required for either stress alone. 

Cast iron is not in favor with the best designers for any 
but short compression pieces, packing blocks and pedestals^ 
although it is still employed for columns. The values in 
Gordon's Formula for cast iron may be/ = 15,000; a = y^^.. 

99. Beams. — The values of / to be used in the moment of 
resistance, for pieces subjected to bending, are marked bend- 
ing stress in the preceding table. In determining the moment 
of resistance of a piece exposed to bending, or in calculating 
the cross-section required at the point of maximum bending 
moment, allowance must be made for portions cut away on 
the tension side in attaching fastenings, bolting or riveting 
together parts, and also on the compression side unless the 
holes, etc., are so tightly filled that the compression can be 
fairly considered as resisted by those portions also. 

Those pieces which resist both a bending moment and a 
direct stress may first be designed to safely carry the bending 
moment, and then the dimension transverse to that in which 
the piece will bend may be so much increased that the added 
slice will resist the direct pull or thrust. If that force is 
thrust, it will be well to test the size of the piece by Gordon's 
Formula also. 

100. Fins and Eyes. — A reasonable rule for proportioning 
pins and eyes of tension bars is as follows • — Make the diam- 
eter of the pin from three-fourths to four-fifths of the width 
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of the bar in flats, and one and one-fourth times the diameter 
of the bar in rounds, giving the eye a sectional area of fifty 
per cent, in excess of that of the bar. The thickness of flat 
bars should be at least one-fourth of the width in order to 
secure a good bearing surface on the pin, and the metal at the 
eyes should be as thick as the bars. As the bending moment 
on a pin generally determines its diameter, pieces assembled 
on a pin should be packed closely, and thoso having opposing 
stresses should be brought into juxtaposition if possible. 

101. Details. — Very close attention must be given to all 
minor details ; to so proportion all the parts of a joint that it 
will be no more likely to yield in one way than another ; to 
weaken as little as possible the pieces connected at a splice ; 
to give sufficient bearing surface so as to bring the intensity 
of the compression on the surface within proper limits : to 
distribute rivets and bolts so as to give the greatest resist- 
ance with the least cutting away of other parts ; to keep the 
action line of every piece as near its axis as possible ; and to 
examine all sections and parts for tension, compression, and 
shear. The failure of a joint or connection is as fatal to a 
frame as to have a member too small for the stress upon it. 

The pocket and hand-books issued by the diflferent iron 
companies, for the use of their patrons, give the sections and 
weights of the various shapes of rolled iron, the safe loads 
for beams of diflferent spans, data for columns, details of con- 
struction, and much miscellaneous useful information. 
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Wood's Construction of Bridges and Roofs Svo, 

Wright's Designing of Draw Spans. Parts I. and II.. Svo, each 

" " " '* '* Complete 8vo, 
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CHEMISTRY— BIOLOGY-PHARMACY. 

Qualitative — Quantitative — Organic — Inorganic, Etc. 

Adriance's Laboratory Calculations 12ino» $1 25 

Allen's Tables for Iron Analysis 8vo, 3 00 

Austen's Notes for Chemical Students 12mo, 1 50 

Bolton's Student's Guide in Quantitative Analysis 8vo, 1 50 

Boltwood's Elementary Electro Chemistry (In Vie press.) 

Classen's Analysis by Electrolysis. (Herrick and BoUwood.).8vo, 8 00 

Cohn's Indicators and Test-papers 12mo 2 00 

Crafts's Qualitative Analysis. (Schaeffer.) 12mo, 1 50 

Davenport's Statistical Methods with Special Reference to Bio- 
logical Variations 12mo, morocco, 1 25 

Drechsel's Chemical Reactions. (Merrill.) 12mo, 1 25 

Fresenius's Quantitative Chemical Analysis. (Allen.) 8vo, 6 00 

'* Qualitative " *' (Johnson.) 8vo, 8 00 

(Wells.) Trans. 

16th German Edition 8vo, 6 00 

Fuertes's Water and Public Health 12mo, 1 50 

Gill's Gas and Fuel Analysis 12mo, 1 25 

Hammarsten's Physiological Chemistry. (Mandel.) 8vo, 4 00 

Helm's Principles of Mathematical Chemistry. (Morgan). 12mo, 150 

Ladd's Quantitative Chemical Analysis 12mo, 1 00 

Lnndauer's Spectrum Analysis. (Tingle.) 8vo, 8 00 

L5b's Electrolysis and Electrosynthesis of Organic Compounds. 

(Lorenz.) 12mo, 1 00 

Mendel's Bio-chemical Laboratory 12mo, 1 50 

Mason's Water-supply 8vo, 5 00 

" Examination of Water 12mo, 1 25 

Meyer's Radicles in Carbon Compounds. (Tingle. ) 12mo, 1 00 

Miller's Chemical Physics 8vo, 2 00 

Mixter's Elementary Text-book of Chemistry 12mo, 1 50 

Morgan's The Theory of Solutions and its Results 12mo, 1 00 

* \ Elements of Physical Chemistry 12mo, 2 00 

Nichols's Water-supply (Chemical and Sanitary) 8vo, 2 50 

O'Brine's Laboratory Guide to Chemical Analysis 8vo, 2 00 

Perkins's Qualitative Analysis 12mo, 1 00 

Pinner's Organic Chemistry. (Austen.) 12mo, 1 50 
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Poole's Calorific Power of Fuels 8vo, f 8 OO 

Bicketts and Russeirs Notes on Inorganic Chemistry (Non- 
metallic) Oblong 8vo, morocco, 75- 

Huddiman's Incompatibilities in Prescriptions 8vo, 2 OO 

Schimpf s Volumetric Analysis 12mo, 2 50 

Spencer's Sugar Manufacturer's Handbook 16mo, morocco, 2 00^ 

Handbook for Chemists of Beet Sugar Houses. 

16mo, morocco, 8 00* 

Stockbridge's Rocks and Soils 8vo, 2 50 

* Tillman's Descriptive General Chemistry 8vo, 3 OO* 

Van Deventer's Physical Chemistry for Beginners. (Boltwood.) 

12mo, 1 50- 

Wells's Inorganic Qualitative Analysis 12mo, 1 50 

" Laboratory Guide in Qualitative Chemical Analysis. 

8vo, 1 50 

Whipple's Microscopy of Drinking-water 8vo, 8 50 

Wiechmann's Chemical Lecture Notes 12mo, 8 00 

** Sugar Analysis Small 8vo, 2 50' 

WuUing's Inorganic Phar. and Med. Chemistry 12mo, 2 00^ 

DRAWING. 

Elementaby— Geometrical—Mechanical— Topographical. 

Hill's Shades and Shadows and Perspective 8vo, 2 00- 

MacCord's Descriptive Geometry 8vo, 3 00 

Kinematics 8vo, 5 00 

Mechanical Drawing 8vo, 4 00 

Mahan's Industrial Drawing. (Thompson.) 2 vols., 8vo, 3 50 

Reed's Topographical Drawing. (H. A.) 4to, 5 00 

Reid's A Course in Mechanical Drawing 8vo. 2 00. 

*' Mechanical Drawing and Elementary Machine Design. 

8vo. (In tJie press.) 

Smith's Topographical Drawing. (Macmillan.) 8vo, 2 50- 

Warren's Descriptive Geometry 2 vols., 8vo, 3 50 

Drafting Instruments 12mo, 1 25 

Free-hand Drawing 12mo, 1 00 

Linear Perspective 12mo, 1 OO 

*' Machine Construction 2 vols. , 8vo, 7 SO' 
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Warren's Plane Problems. 12mo, $1 25 

Primary Geometry 12mo, 75 

Problems and Theorems 8vo, 2 50 

Projection Drawing 12mo, 1 50 

Warren's Shades and Shadows 8vo, 3 00 

** Stereotomy— Stone-cutting 8vo, 2 50 

Whelpley's Letter Engraving 12mo, 2 00 

ELECTRICITY AND MAGNETISM, 

Illumination — Batteries — Physics— Railways. 

Anthony and Brackett's Text- book of Physics. (Magie.) Small 

8vo, 3 00 

Anthony's Theory of Electrical Measurements 12mo, 1 00 

Barker's Deep-sea Soundings 8vo, 2 00 

Benjamin's Voltaic Cell 8vo, 3 00 

History of Electricity 8vo, 3 00 

Classen's Analysis by Electrolysis. ^Herrick and Boltwood.) 8vo, 3 00 
Crehore and Squier's Experiments with a New Polarizing Photo- 
Chronograph 8vo, 3 00 

Dawson's Electric Railways and * Tramways. Small, 4to, half 

morocco, 
* Dredge's Electric Illuminations. . . .2 vols., 4to, half morocco, 

Vol. II 4to, 

CHlbert's De maguete. (Mottelay.) 8vo, 

Holman's Precision of Measurements 8vo, 

•' Telescope-mirror-scale Method Large 8vo, 

Lob's Electrolysis and Electrosyn thesis of Organic Compounds. 

(Lorenz.) 12mo, 

*Michie's Wave Motion Relating to Sound and Light 8vo, 

Morgan's The Theory of Solutions and its Results 12mo, 

Niaudet's Electric Batteries. (Fishback.) 12mo, 

Pratt and Alden's Street-railway Road-beds 8vo, 

Reagan's Steam and Electric Locomotives 12mo, 

Thurston's Stationary Steam Engines for Electric Lighting Pur- 
poses 8vo, 

♦Tillman's Heat 8vo, 
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ENQINEERINO. 

Civil — Mechanical — Sanitary, Etc. 

{See also Bridges, p. 4; Hydraulics, p. 9; Materials of En- 
gineering, p. 10 ; Mechanics and Machinery, p. 12 ; Steam 
Engines and Boilers, p. 14.) 

Baker's Masonry Construction 8vo, $5 00 

'* Surveying Instruments 12mo, 3 00 

Black's U. S. Public Works Oblong 4to, 5 00 

Brooks's Street-railway Location » 16mo, morocco, 1 50 

Butts's Civil Engineers' Field Book 16mo, morocco, 2 50 

Byrne's Highway Construction 8vo, 5 00 

" Insi^ection of Materials and Workmanship 16mo, 3 00 

Carpenter's Experimental Engineering 8vo, 6 00 

Church's Mechanics of Engineering — Solids and Fluids. .. .8vo, 6 00 

'* Notes and Examples in Mechanics 8vo, 2 00 

Crandall's Earthwork Tables 8vo, 1 50 

* * The Transition Curve 16mo, morocco, 1 50 

♦Dredge's Peun. Railroad Construction, etc. Large 4to, 

half morocco, 20 00 

* Drinker's Tunnelling 4to, half morocco, 25 00 

Eissler's Explosives — Nitroglycerine and Dynamite 8vo, 4 00 

Folwell's Sewerage 8vo, 3 00 

Fowler's Coffer-dam Process for Piers 8vo. 2 50 

Gerhard's Sanitary House Inspection 12mo, 1 00 

Godwin's Railroad Engineer's Field-book 16mo, morocco, 2 50 

Gore's Elements of Geodesy 8vo, 2 50 

Howard's Transition Curve Field-book 16mo, morocco, 1 50 

Howe's Retaining Walls (New Edition.) 12mo, 1 25 

Hudson's Excavation Tables. Vol. II 8vo, 1 00 

Button's Mechanical Engineering of Power Plants 8vo, 5 00 

*• Heat and Heat Engines 8vo, 5 00 

Johnson's Materials of Construction Large 8vo, 6 00 

" Theory and Practice»of Surveying Small 8vo, 4 00 

Kent's Mechanical Engineer's Pocket-book 16mo, morocco, 5 00 

Kiersted's Sewage Disposal 12mo, 1 25 

Mahan's Civil Engineering. (Wood.) 8vo, 5 00 

Merriman and Brook's Handbook for Surv.eyors 16mo, mor., 2 00 

Merriman's Precise Surveying and Geodesy 8vo, 2 50 

** Retaining Walls and Masonry Dams 8vo, 2 00 

Sanitary Engineering 8vo, 2 00 

Nagle's Manual for Railroad Engineers .16mo, morocco, 3 00 

Ogden's Sewer Design 12mo, 2 00 

Patton's Civil Engineering 8vo, half morocco, 7 50 
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Pttlton's Foundations 8vo, $5 00 

Pratt and Alden's Street-railway Road-beds 8vo, 

Hockwell's Roads and Pavements in France 12mo, 

Searles's Field Engineering 16mo, morocco, 

** Railroad Spiral 16mo, morocco, 

Siebert and Biggin's Modem Stone Cutting and Masonry. . .8vo, 

Smart's Engineering Laboratory Practice 12mo, 

Smith's Wire Manufacture and Uses Small 4to, 

Spalding's Roads and Pavements 12mo, 

** Hydraulic Cement 12mo, 

Taylor's Prismoidal Formulas and Earthwork 8vo, 

Thurston's Materials of Construction 8vo, 

* Trautwiue's Civil Engineer's Pocket-book. . . .16mo, morocco, 

* ** Cross-section Sheet, 

* * ' Excavations and Embankments 8 vo, 

* *• Lajring Out Curves 12mo, morocco, 

Waddell's De Pontibus (A Pocket-book for Bridge Engineers). 

16mo, morocco. 

Wait's Engineering and Architectural Jurisprudence 8vo, 

Sheep, 

** Law of Field Operation in Engineering, etc 8vo. 

Warren's Stereotomy — Stone-cutting 8vo, 

Webb's Engineering Instruments. New Edition. 16mo, morocco, 

Wegmann's Construction of Masonry Dams 4to, 

Wellington's Location of Railways Small 8vo, 

Wheeler's Civil Engineering 8vo, 

Wolff's Windmill as a Prime Mover 8vo, 



HYDRAULICS. 

Watek- WHEELS— Windmills — Service Pipe — Drainage, Etc. 

(See also Engineering, p. 8. ) 

Bazin's Experiments upon the Contraction of the Liquid Vein. 

(Trautwine.). 8vo, 2 00 

Bovey's Treatise on Hydraulics ; •. 8vo, 4 00 

Colfiu's Graphical Solution of Hydraulic Problems 12mo, 2 50 

Perrel's Treatise on the Winds, Cyclones, and Tornadoes. . .8vo, 4 00 

Fol well's Water Supply Eugineering 8vo, 4 00 

Fuertes's Water and Public Health 12mo, 1 50 

Ganguillet & Kutter's Flow of Water. (Hering & Trautwine.) 

8vo, 4 00 

Hazen's Filtration of Public Water Supply 8vo, 8 00 

Herschel's 115 Experiments 8vo, 2 00 
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Kiersted's Sewage Disposa] 12mo, 

Mason's Water Suppl}' , 8vo, 

" Examination of Water 12mo, 

Merriman's Treatise on Hydraulics 8vo, 

Nichols's Water Supply (Chemical and Sanitary) 8vo, 

Wegmann's Water Supply of the City of New York 4to, 

Weisbach's Hydraulics. (Du Bois.) Svo, 

Whipple's Microscopy of Drinking Water 8vo, 

Wilson's Irrigation Engineering Svo. 

** Hydraulic and Placer Mining .12mo, 

Wolff's Windmill as a Prime Mover 8vo, 

Wood's Theory of Turbines .8vo, 

MANUFACTURES. 

Boilers— ExPLOsiyps— Ikon — Steel — Sugar — Woollens, Etc. 

Allen's Tables for Iron Analysis Svo, 3 0O» 

Beaumont's Woollen and Worsted Manufacture 12mo, 1 50^ 

Bolland's Encyclopaedia of Founding Terms .... 12mo, 8 00- 

'* The Iron Founder 12mo, 2 50- 

«* •• *' " Supplement 12mo, 2 50- 

Bouvier's Handbook on Oil Painting 12mo, 2 OO 

Eissler's Explosives, Nitroglycerine and Dynamite Svo, 4 OO* 

Ford's Boiler Making for Boiler Makers ISmo, 1 OO* 

Metcalfe's Cost of Manufactures , 8vo, 5 OO' 

Metcalf's Steel— A Manual for Steel Users 12mo, 2 OO^ 

♦Reisig's Guide to Piece Dyeing Svo, 25 OO- 

Spencer's Sugar Manufacturer's Handbook 16mo, morocco, 2 OO" 

•' Handbook for Chemists of Beet Sugar Houses. 

16mo, morocco, 3 OO* 

Thurston's Manual of Steam Boilers Svo, 5 OO 

Walke's Lectures on Explosives Svo, 4 OO 

West's American Foundry Practice 12mo, 2 50* 

•• Moulder's Text-book 12mo, 2 50- 

Wiechmann's Sugar Analysis Small Svo, 2 50- 

Woodbury's Fire Protection of Mills Svo, 2 50» 

MAtERIALS OF ENGINEERING. 

Strength — Elasticity — Kesistance, Etc. 
{See afoo Engineering, p. 8.) 

Baker's Masonry Construction Svo, 5 0(P 

Beardslee and Kent's Strength of Wrought Iron Svo, 1 50 

Bovey's Strength of Materials Svo, 7 50 

Burr's Elasticity and Resistance of Materials Svo, 5 OO 
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Byrne's Highway Construction 8vo, 

Cliurch's Mechanics of Engineering — Solids and Fluids Svo, 

Du Bois's Stresses in Framed Structures Small 4to, 

Johnson's Materials of Construction 8vo, 

Lanza's Applied Mechanics 8vo, 

Martens's Testing Materials. (Henning.) 2 vols., 8vo, 

Merrill's Stones for Building and Decoration 8vo, 

Merriman's Mechanics of Materials 8vo, 

" Strength of Materials 12nio, 

Patton's Treatise on Foundations 8vo, 

Rockwell's Roads and Pavements, in France 12mo, 

Spalding's Roads and Pavements 12mo, 

Thurston's Materials of Construction, 8vo, 

*' Materials of Engineering 3 vols., 8vo, 

Vol. I., Non-metallic 8vo, 

Vol. II., Iron and Steel 8vo, 

Vol. III., Alloys, Brasses, and Bronzes 8vo, 

Wood's Resistance of Materials 8vo, 

MATHEMATICS. 

Calculus— Geometry — Trigonometry, Etc. 

Baker's Elliptic Functions 8vo, 

Barnard's Pyramid Problem 8vo, 

*Bass's Differential Calculus 12mo, 

Briggs's Plane Analytical Geometry 12mo, 

Chapman's Theory of Equations 12mo, 

Compton's Logarithmic Computations 12mo, 

Davis's IntroduQtion to the Logic of Algebra 8vo, 

Halsted's Elements of Geometry t..8vo, 

** Synthetic Geometry 8vo, 

Johnson's Curve Tracing 12mo, 

'* Differential Equations — Ordinary and Partial. 

Small 8vo, 

" Integral Calculus 12mo, 

*• ** " Unabridged. Small 8vo. 

(In the press.) 

" Least Squares 12mo, 

♦Ludlow's Logarithmic and Other Tables. (Bass.) 8vo, 

♦ ** Trigonometry with Tables. (Bass.) 8vo, 

*Mahan's Descriptive Geometry (Stone Cutting) 8vo, 

Merriman and Woodward's Higher Mathematics 8vo, 

Merriman's Method of Least Squares 8vo, 

Rice and Johnson's Differential and Integral Calculus, 

2 vols, in 1, small 8vo, 2 50 
11 
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Bice and Johnson's Differential Calculus Small 8vo, f8 00 

'* Abridgment of Differential Calculus. 

Small 8vo, 1 60 

Totten's Metrology 8vo, 2 50 

Warreu's Descriptive Geometry. 2 vols., 8vo, 8 50 

Drafting Instruments 12mo, 1 25 

Free-band Drawing 12mo, 1 00 

Linear Perspective .12mo, 1 00 

Primary Geometry 12mo, 75 

Plane Problems 12mo, 1 25 

Problems and Theorems 8vo, 2 50 

Projection Drawing. ... * 12mo, 1 50 

Wood's Co-ordinate Geometry 8vo, 2 00 

'• Trigonometry 12mo, 1 00 

Woolf's Descriptive Geometry Large 8vo, 8 00 

MECHANICS-MACHINERY. 

Text-books and Practical Works. 

(See also Engineering, p. 8.) 

Baldwin's Steam Heating for Buildings 12mo, 2 50 

Barr's Kinematics of Machinery 8vo, 2 50 

Benjamin's Wrinkles and Recipes 12mo, 2 00 

Chordal's Letters to Mechanics 12mo, 2 00 

Church's Mechanics of Engineering 8vo, 6 00 

" Notes and Examples in Mechanics 8vo, 2 00 

Crehore's Mechanics of the Girder 8vo, 5 00 

Cromwell's Belts and Pulleys 12mo, 1 50 

Toothed Gearing 12mo, 1 50 

Compton*s First Lessons in Metal Working 12mo, 1 50 

Compton and De Groodt's Speed Lathe 12mo, 1 50 

Dana's Elementary Mechanics 12mo, 1 50 

Dingey's Machinery Pattera Making 12mo, 2 00 

Dredge's Trans. Exhibits Building, World Exposition.' 

Large 4to, half morocco, 10 00 

Du Bois's Mechanics. Vol. I., Kinematics 8vo, 8 50 

Vol. IL. Statics 8vo, 4 00 

Vol. IIL, Kinetics 8vo, 3 60 

Fitzgei-ald's Boston Machinist 18mo, 1 00 

Elather's Dynamometers 12mo, 2 00 

Rope Driving 12mo, 2 00 

Hall's Car Lubrication 12mo, 1 00 

Holly's Saw Filing 18mo, 76 

Johnson's Theoretical Mechanics. An Elementary Treatise. 
{In i?ie press.) 

Jones's Machine Design. Part 1., Kinematics. 8vo, 1 60 
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Joneses Machine Design. Part II., Strength and Proporlion of 

Muchine Parts 8vo, 

Lanza's Applied Mechanics 8vo, 

MacCord*8 Kinematics 8vo, 

Merriman's Mechanics of Materials ^ 8vo, 

Metcalfe's Cost of Manufactures : 8vo, 

♦Michie's Analytical Mechanics 8vo, 

Richards's Compressed Air 12mo, 

Robinson's Principles of Mechanism 8vo, 

Smith*s Press- working of Metals ; 8vo, 

Thurston's Friction and Lost Work 8vo, 

** The Animal as a Machine 12mo, 

"Warren's Machine Construction ;2 vols., 8vo, 

Weisbach's Hydraulics and Hydraulic Motors. (Du Bois.)..8vo, 
" Mechanics of Engineering. Vol. III., Part I., 

Sec. L (Klein.) 8vo, 5 00 

Weisbach's Mechanics of Engineering. Vol. III., Part I., 

Sec. IL (Klein.) 8vo, 5 00 

Weisbach's Steam Engines. (Du Bois.) 8vo, 5 00 

Wood's Analytical Mechanics 8vo, 3 00 

Elementary Mechanics 12mo, 1 25 

Supplement and Key 12mo, 1 25 
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METALLURGY. 

Iron— Gold— Silver — Alloys, Etc. 

Allen's Tables for Iron Analysis .8vo, 

Egleston's Gold and Mercury * Large 8vo, 

" Metallurgy of Silver Large 8vo, 

* Kerl's Metallurgy — Copper and Iron .8vo, 

* '* *' Steel, Fuel, etc 8vo, 

Kunhardt's Ore Dressing in Europe 8vo, 

Metcalf's Steel — A Manual for Steel Users 12mo, 

O'DriscoU's Treatment of Gold Ores 8vo , 

Thurston's Iron and Steel 8vo, 

Alloys 8vo, 

Wilson's Cyanide Processes 12mo, 

MINERALOaV AND MINING. 

Mine Accidents — Ventilation— Ore Dressing, Etc. 

Barringer's Minerals of Commercial Value. . ..Oblong morocco, 2 50 

Beard's Ventilation of Mines .12mo, 2 50 

Boyd's Resources of South Western Virginia 8vo, 3 00 

*' Map of South Western Virginia Pocket-book form, 2 00 

Brush and Penfield's Determinative Mineralogy. New Ed. 8vo, 4 00 
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Chester's Catalogue of Minerals 8vo, 

Paper, 

' * Dictionary of the Names of MlDerals 8to, 

Dana's American Localities of Minerals .Large 8to, 

Descriptive Mineralogy. (E. 8.) Large 8vo. half morocco, 
Fii*8t Appendix to System of Mineralogy. . . . Large 8to, 

Mineralogy and Petrography. (J. D. ) 12mo, 

Minerals and How to Study Them. (E. S.). 12mo, 

Text-book of Mineralogy. (E. S.).. .New Edition. 8vo, 
'* Drinker's Tunnelling, Explosives, Compounds, and Rock Drills. 

4to, lialf morocco, 

Sgleston's Catalogue of Minerals and Synonyms 8vo, 

Eissler's Explosives — ^Nitroglycerine and Dynamite 8vo, 

Hussak's Rock- forming Minerals. (Smith.) Small 8vo, 

Ihlseng's Manual of Mining. . . • 8vo, 

Kunhardt's Ore Dressing in Europe 8vo, 

O'DriscoU's Treatment of Gold Ores 8vo, 

* Pen field's Record of Mineral Tests Paper, 8vo, 

lioseubusch's Microscopical Physiography of Minerals and 

Rocks. (Iddiugs.) 8vo, 

:Sawyer's Accidents in Mines Large 8vo, 

Stockbridge's Rocks uud Soils 8vo, 

Walke's Lectures on Explosives 8vo, 

l/\rilliams's Lithology 8vo, 

Wilson's Mine Ventilation 12mo, 

" Hydraulic and Placer Mining 12mo, 

STEAM AND ELECTRICAL ENGINES, BOILERS, Etc. 

Stationaky — Marine— Locomotive — Gas Engines, Etc. 

(See aUo Engineering, p. 8.) 

Baldwin's Steam Heating for Buildings 12mo, 2 50 

Olerk's Gas Engine c Small 8vo, 4 00 

Ford's Boiler Making for Boiler Makers 18mo, 1 00 

Hemeuway's Indicator Practice 12mo, 2 00 

Hoadley's Warm-blast Furnace 8vo, 1 50 

Kneass's Practice and Theory of the Injector 8vo, 1 50 

MacCord's Slide Valve 8vo, 2 00 

Meyer's Modern Locomotive Construction 4to, 10 00 

Peabody and Miller's Steam-boilers 8vo, 4 00 

Peabody's Tables of Saturated Steam 8vo, 1 00 

Thermodynamics of the Steam Engine 8vo, 5 00 

Valve Gears for the Steam Engine 8vo, 2 50 

Pray's Twenty Years with the Indicator Large 8vo, 2 50 

Pupin and Osterberg's Thermodynamics. 12mo, 1 25 

14 



$1 25 


50 


8 00 


1 OO 


12 50 


1 00 


2 00 


1 50 


4 00 


26 00 


2 50 


4 00 


2 00 


4 00 


1 50 


2 00 


50 


5 00 


7 00 


2 50 


4 00 


3 00 


1 25 


2 50 



tt 



4( 
4( 



4( 

it 
it 



IReagan's Steam and Electric Locomotives 12mo, f 2 00 

BDntgen's Thermodynamics. (Du Bois. ) 8vo, 5 00 

^Sinclair's Locomotive Running 12mo, 2 00 

;8qow's Steam-boiler Practice Sto. 3 00 

Thurston's Boiler Explosions 12mo, 1 60 

Engine and Boiler Trials 8vo, 5 00 

Manual of the Steam Engine. Part L, Structure 

and Theory 8vo, 6 00 

Manual of the Steam Engine. Part II., Design, 

Construction, and Operation $vo, 6 00 

2 parts, 10 00 

Thurston's Philosophy of the Steam Engine 12mo, 75 

Reflection on the Motive Power of Heat. (Carnot.) 

12mo, 1 50 

Stationary Steam Engines 8vo, 2 50 

Steam-boiler Construction and Operation. 8vo, 5 00 

iSpjingler's Valve (jears 8vo, 2 50 

Weisbach's Steam Engine. (Du Bois.) 8vo, 5 00 

"Whitham's Constructive Steam Engineering 8vo, 6 00 

** Steam-engine Design 8vo, 5 00 

1?Vilson 8 Steam Boilers. (Flather.) 12mo, 2 50 

"Wood's Thermodynamics, Heat Motors, etc 8vo, 4 00 

TABLES, WEIGHTS, AND MEASURES. 

For Actuaries, Chemists, Engineers, Mechanics— Metric 

Tables, Etc. 

.Adriance's Laboratory Calculations 12mo, 1 25 

Allen's Tables for Iron Analjsis 8vo, 3 00 

Bixby's Graphical Computing Tables Sheet, 25 

Oompton's Logarithms 12mo, 1 50 

Orandall's Kail way and Earthwork Tables 8vo, 1 50 

Egleston's Weights and Measures 18mo, 75 

JFisher's Table of Cubic Yards Cardboard, 25 

.Hudson's Excavation Tables. Vol. II 8 vo, 1 00 

J^ohnson's Stadia and Earthwork Tables , 8vo, 1 25 

JiUdlow's Logarithmic and Other Tables. (Bass.) 12rao, 2 00 

Totten's Metrology 8vo, 2 50 

VENTILATION. 

Steam Heating — House Inspection — Mine Ventilation. 

IBaldwin's Steam Heating ' 12mo, 2 50 

Beard's Ventilation of Mines 12mo, 2 50 

•Carpenter's Heating and Ventilating of Buildings 8vo, 3 00 

d^erhard's Sanitary House Inspection 12mo, 1 OC 

^Wilson's Mine Ventilation 12mo, 1 25 
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MISCELLANEOUS PUBLICATIONS. 

Alcott's Gems, Sentiment, Language Gilt edges, |5 Od 

Davis's Elements of Law 8yo, 2 00 

Emmon's Geological Guide-book of the Rocky Mountains. .8yo, 1 50 

FerreVs Treatise on the Winds 8vo, 4 OO 

Haines's Addresses Delivered before tbe Am. Ry. Assn. ..12mo, 2 50 

Mott*s The Fallacy of the Present Theory of Sound. .Sq. 16mo, 1 00 

Richards*8 Cost of Living 12mo, 1 00 

Ricketts's History of Rensselaer Polytechnic Institute 8vo, 8 00 

Rothcrham's The New Testament Critically Emphasized. 

12mo, 1 50 
'* . The Emphasized New Test. A new translation. 

Large 8vo, 2 00 

Totten's An Important Question in Metrology 8vo, 2 50 

• Wiley's Yosemite, Alaska, and Yellowstone 4to, 8 OO 

HEBREW AND CHALDEE TEXT-BOOKS. 

For Schools Ain> Theological Seminaries. 

Qesenius's Hebrew and Chaldee Lexicon to Old Testament. 

(Tregelles.) Small 4to, half morocco, 5 00 

Green's Elementary Hebrew Grammar 12mo, 1 25 

Grammar of the Hebrew Language (New Edition ).8vo, 3 00 

Hebrew Chrestomathy 8vo, 2 00 

Letteris's Hebrew Bible (Massoretic Notes in English). 

8vo, arabesque, 2 25 

MEDICAL. 

Hammarsten's Physiological Chemistry. (Mandel.) 8vo, 4 00 
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GENEEAL PEEFAOE. 



There is not the necessity whicli would have existed a 
few years ago to write a few words explanatory of graphical 
methods of analysis, and to urge their accuracy, convenience, 
and adaptability to all types of structure. If, however, some 
readers now glance at such subjects for the first time, it will be 
sufQcient to point out, that, as forces may be represented by 
straight lines of definite magnitude and direction, the same 
operations which are performed by mathematical analysis may 
b,' more easUy oamj^ out b, glo^Wcal co.B.r„cuL „pcl 
the drawing-board ; and, as the whole system is founded upon 
the parallelogram of forces, the results deduced by a brief 
chain of reasoning are theoretically accurate, and only depend 
for their numerical exactness upon the scale of the diagrams, 
and the care with which they are drawn. Any draughtsman 
who gives the method a fair trial, and then takes the trouble 
to compare the results with those obtained by mathematical 
formulae, will be surprised to see how closely the two agree. 
The difference is much less than can be taken account of in 
designing the proportions of the several parts of the structure. 
The simplest tools alone are needed, — drawing-board, T-square, 
triangles, and scale. 



4 GENERAL PREFACE. 

This work is intended for office use by any designer who 
may have occasion to prepare plans for a structure intended to 
support a load above any opening, — a roof, or bridge-truss, or 
an arch, — of any type, span, and distribution of load. It is 
also hoped tliat these three parts may be found serviceable as 
a text-book for engineering and architectural students, and 
may aid in clearing away some of the obscurity which is 
apt to surround certain parts of the subjects treated in the 
following pages, especially those of continuous bridges and 
arches. From his own experience as an engineer and as an 
instructor, the author has been led to go more into detail than 
an ordinary expansion of the methods would require, and in 
some cases to repeat what has been explained earlier ; for he 
has found that both the practical man, taking up the subjects 
at intervals as required for use, and the student, finding so 
much that is new, need a certain amount of repetition to fix 
the principles clearly in mind. It will be found that students 
generally grasp readUy, and evince a strong liking for, graphi- 
cal methods. Mathematical and graphical analysis go well 
hand in hand, the latter aiding the student to more clearly 
apprehend the meaning of the former. Indeed, the mathe^ 
matical formulae may be, if desired, deduced directly from the 
diagrams. If sufficient time is allowed between the class-room 
exercises for the construction in the drawing-room of problems 
suggested by the text, the results accruing from this study will 
be most satisfactory. 

Some special remarks in regard to subjects treated will be 
found prefecing the several parts. 

• C« £• Gw 
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The general method of analysis called ^^ The Method by Area 
Moments," which is the foundation of the following pages, was 
first printed in 1874 in "Graphical Method for the Analysis 
of Bridge-Trusses," &c., having been discovered and taught by 
the author the year preceding. Part I., discussing roof-trusses, 
was founded upon what is known as Professor Clerk-Marwell's 
method of drawing diagrams, and has little which is original, 
except the carrying-out of details. It is thought that Part II. 
will be found to contain much which is new, and, it is hoped, 
valuable. That this part is not a second edition, and simply a 
reprint, of the book above referred to, will be seen, when it is 
noticed that there is more than twice the amount of text, and 
fiixty-three in place of fifteen illustrative figures. Chapter III. 
is devoted to an analysis of various types of trusses with hori- 
zontal chords having single systems of bracing, and is almost 
all new. The treatment of multiple systems of bracing, com- 
prising Chapter IV., is entirely new. The construction for the 
bowstring girder, and the chapter on deflection of beams, are 
here introduced for the first time : partially continuous trusses 
and pivot-draws, with turn-table tipping or stable, have also 
been added. 
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As it is now four years since this method of area momenta 
for the analysis of continuous girders was first given to the 
public by the author, and as no statement that such a method 
can be found in any other place has appeared, the author feels 
warranted in putting forth a claim for priority of discovery and 
originality. The attention of the reader is asked to the 
extreme simplicity and the generality of the formulsd here 
deduced for pier moments in continuous girders and draw- 
spans, and to the facility and brevity with which all the usual 
formula of the text-books, simple or intricate, for the slope 
and deflection of beams of one or more spans, are derived 
without the use of the integral calculus, as usually understood. 
These results have never been obtained, so far as known, in 
this way before. If the reader knows the position of the 
centre of gravity of a triangle, he need here accept nothing on 
faith. Following this investigation, it will be seen that the 
Three Moment Theorem in its special and general forms is de- 
duced directly from the equation of Area Momenta by simple 
substitution. The truth of all these formulsD is now for the 
first time made clear to the reader who has no knowledge of 
the higher mathematics. Indeed, it may not be amiss to state 
that all the propositions here advanced may be understood by 
one who possesses a very moderate knowledge of mathematics 
and mechanics. 

The endeavor has been made to take nothing for granted : 
hence graphical proof has been offered in regard to the extent 
of load which produces maximum bending moment and maxi- 
mum shear, in regard to the effect of incLtion of chords on 
web-stresses, in regard to absence of stress in the braces of 
the parabolic girder, &c. Some minor points will be found to 
possess novelty : prominent among theue is the construction for 
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web-stre98es in the bowstring, parabolic trass, whicli will be 
found to be extremely simple in application. Whether the 
special constructions for trusses with multiple systems of bra- 
cing will be useful or not, depends upon the frequency with 
which they are needed : some of them are thought to be *ele* 
gant ; they are all short in construction. The method here set 
forth of drawing the line which Umits the maximum shear 
ordinates in a single span truss, and which was given in the 
former edition without proof, is here shown by a mathematical 
demonstration to be theoretically exact.^ A simple and con* 
venient diagram for the effect of a locomotive, or a load of 
greater than average intensity, is inserted. Very many of the 
details are thought to be new, and a comparison is invited for 
accuracy and brevity between these constructions and those 
found in other books. 

The author would also ask a candid comparison of his 
method of Area Moments with the German method, as a means 
of solving problems in continuous girders, beUeving that, for 
the small number of operations, and hence simplicity and 
accuracy, as well as comprehensiveness, it will be found at least 
equally convenient. 

The attempt has been made, by the use of capitals for the 
lettering of the trusses, accented capitals for the moment dia- 
grams, small letters for the shear diagrams, and nimierals for 
the load line, &c., to render a reference to the several diagrams 
of each figure easy. 

Part III., on arches of all types, is in . an advanced stage of 
preparation, about one-half of it having been once already in 

^ This demoBBtration in its essential features, as here^ven, was the work of 
Mr. Charles A. Marshall, at the time a student in the University of Michigan. 
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type, and will follow this part during the coming season. It ia 

hoped that it will be found equally simple and intelligible with 

the previous parts. 

C. E. O 

Amr Abbob, High., July fi^ W^ 



NOTE TO FIFTH EDITION. 



The Post and triple quadrangular trusses have been omitted 
from this edition, and the analysis of the double quadrangular 
and Warren trusses has been simplified. Eoom has thus been 
made for the treatment of skew bridges and inclined trusses, and 
for what the writer hopes will be found very satisfactory and 
workable diagrams for trusses subjected to prescribed wheel- 
weights. The chord-stress diagram was in the appendix of the 
previous edition ; the shear diagram now added is not original, 
but one or two modifications have been made, to render calcula- 
tions unnecessary. An exceedingly simple way of calculating 
area moments, when weights are at equidistant panel joints, is 
here printed for the first time. 

The principal changes are on pages 51-52, 58-78, and 97-99. 
Plate III. has been redrawn, and some cantilever bridges added 
to Plate X. 

Ann Arbor, February 9, 1895. 
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CHAPTER L 



XNTEODUCriON. 



1. Triangle of Forces. — We know, from one of the fund» 
mental theorems of mechanics, that, if three forces not parallel 
act upon a body and are in equilibrium, their directions must 
intersect at a common point, and that these forces must be 
proportional to the sides of a triangle drawn parallel to their 
directions ; and that, convefisely, if three forces are parallel to 
the three sides of any triangle, and proportional in magnitude 
to the same sides, with the direction of the several forces taken 
in the order obtained by passing over the sides of the triangle in 
'Succession, these three forces applied at one point must be 
in equilibrium. 

I£ the weight W, Fig. 1, be hung from two points, A and B, 
by the cords A C and C B, we may find the pull or tension on 
«ach of the cords by drawing a vertical line a b, equal, by any 
<5onvenient scale, to the given weight W, and then drawing the 
lines a c and h c, from the extremities of a i, parallel to A C and 
B C, intersecting at c. Then will a c and 6 c represent, by the 
.«ame scale by which W was laid off, the pull on the coirds A C 
^nd B C. The arrows on the cords represent the directions of 
the stresses relatively to the point C, and the arrows on the tri 
«ngle abc must follow one another in order round the triangle. 

16 
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If W and the two forces b c and c a had been given, we might 
have reversed the problem, and have found the direction and 
length of two cords, which, while supporting W, would have 
exerted the given tensions on the points A and B. As it is 
possible to draw any number of triangles on the line a 6, we 
may have a like number of arrangements of cords, from A and 
B, to carry W. 

2. Eqnilibrimn Polygon ; Stress Diagram. — If we have 
several weights suspended from the points A and B, Fig. 2, 
by means of a cord whose weight is either neglected, or con- 
sidered as included in the given weights, we may find the 
tensions in the several portions of the cord by successive appli- 
cations of the above process. The weight at C is balanced by 
the tensions of A C and C D, and a triangle of forces may be 
drawn for the point C. Next, taking the weight Wj, and the 
tension, just found, in C D, we may draw a triangle for the 
point D. 

But since, when we draw a triangle for each loaded point, 
each portion of the cord will be represented by a side in two 
of the triangles, and since all of the triangles will have one 
vertical side, they may be brought together into one figure by 
the following construction : Draw a vertical line 1-2, and lay 
off on the same, W^ = 1-3, Wg = 3-4, W, = 4-6, and W4 = 5-2. 
Draw 1-0 parallel to A C, and 2-0 parallel to B F ; connect the 
point of intersection with the other points of division on the 
vertical line : then will 1-0, 3-0, 4-0, 5-0, and 2-0 be equal 
to the stresses in A C, C D, D E, E F, and F B ; and the portions 
of the cord must be parallel to the lines radiating from 0, or 
otherwise the cord will not be in equilibrium. 

The figure 1 2 is styled by many authors the force polygon ; 
but we prefer to call it the stress diagram^ from its analogy 
to the stress diagram of a frame. The vertical line 1-2 will be 
called the load line ; and the cord from A to B, which hangs in 
what is known as a funicular polygon^ we shall have occasion 
hereafter to designate as the equilibrium or moment polygon. 
The point is called the pole of the stress diagram. 
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3. Equilibrium Polygon for Bridge -TruBses. — If the 

weights, their horizontal distances from the point A, and the 
horizontal distance of B from A, were alone given, we might 
draw an equilibrium polygon to satisfy these conditions by as- 
suming the pole in any convenient position, drawing the 
radiating lines to the several points on 1-2, then drawing a line 
parallel to 1-0, from A, to meet the vertical through Wi, — from 
the point C, so found, drawing a line parallel to 8-0 to meet 
a vertical through Wg, — and so on; the last line parallel to 2-0 
determining the position of B, since its horizontal distance from 
A was previously given. This latter simple application of the 
method for finding an equilibrium polygon will suffice for the 
investigation of bridge-trusses which is to follow. 

4. Shearing Force. — If all of the forces which act on a struc- 
ture lie in one vertical plane, they may be resolved into hori- 
zontal and vertical components in that plane. All the external 
forces considered in this part are vertical ; viz., the weight of 
the structure, the imposed load, and the reactions of the points 
of support. If a beam or truss supported in any manner, as 
in Fig. 4 or 6, is cut by an imaginary vertical plane, we shall 
have on one side of the plane of section the resultant of all 
the external vertical forces which act upon the portion of the 
beams or truss upon that side ; and, on the other side of the sec- 
tion, another resultant of the external forces upon the second 
side : since there is perfect equilibrium, these two resultants 
must be equal and opposite to one another. As it is proved in 
mechanics that a force at any distance from a given point is 
equivalent, so far as its action in regard to that point is con- 
cerned, to the same force at the point and a moment equal to 
the product of the force by its perpendicular distance from the 
point, the two resultants above will, in the first place, give the 
two equal and opposite forces at the section, represented by 
the arrows in the panel A C D B of Fig. 8. These forces tend 
to move the two portions of the beam or truss in opposite direc- 
tions; and there must be a resisting stress in the fibres of the 
beam at the section, or a brace in the panel of the truss, to 
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prevent the moyement. From the nature of the movement, this 
stress is called a shearing stress / and, as it must be equal to the 
resultant of vertical forces on one side of the plane of section, 
this resultant is usually styled the shearing force or shear. If it 
acts upward on the left of a section, as here shown, we call it 
posiUve ; if downward, negative shear. 

A reference to the panel A C D B of Fig. 3 will, we think, 
enable the reader to see how the direction of the shear deter- 
mines the kind of stress in the bracing or web members. At the 
section in this panel the shear is supposed to be upward on the 
left side of the section denoted by the dotted line, and down- 
ward on the right side. If we unagine the horizontal members 
or chords to be severed, it is evident that a strut in the diagonal 
G B, drawn in the sketch, or a tie in the diagonal A D of the 
rectangle, will be needed to prevent one part of the truss fi*om 
fedling. Or if we suppose the points of intersection of the 
chords with the web members to be joints free to turn, as is 
the case with pin-connected parts, it is clear, that, if no diago- 
nal member exists, the rectangle A' C D' B' will be distorted 
into a parallelogram, one diagonal shortening, and the other 
lengthening. This movement also shows that the chords alone, 
if jointed, have no power to resist shear, or convey a vertical 
force, but that a strut must be introduced in the diagonal 
which tends to shorten, or a tie in that one which tends to 
lengthen, if the distortion and falling of the truss are to be 
prevented. TJie web members^ therefore, resist the shearing 
forces. 

I£» in the same or any other panel, the shear is in the oppo- 
site direction, a strut in the diagonal A D, or a tie in the diag- 
onal C B, will be necessary. The arrows in the panels of the 
truss E F are supposed to represent the direction of the shear 
on the left side of a section in the successive panels. The diago- 
nals for the given shears are struts, and change in direction as 
soon as the shear is reversed. 

5. Bending Moment. — Further, as indicated in the last seo- 
tion, the same external vertical forces on one side of the plane 
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of section have moments about any point of the section ; and the 
resultant moment will be obtained by multiplying the resultant 
previously referred to by the horizontal distance of its point 
of application from the section, or by multiplying each external 
force by its horizontal distance, or lever arm, from the plane 
of section, adding those products which have a tendency to 
produce rotation in one direction, and subtracting the simi 
of those products which tend to produce rotation in a contrary 
direction. The remainder is called the bending moment at the 
section, and would cause rotation of the structure about the 
section in the direction shown by the larger sum, if it were not 
exactly balanced, as required by the condition that equilibrium 
exists, by an equal and opposite moment on the other side of the 
section. These two equal moments neutralize one another by 
means of the moment of resistance in the given vertical section 
of the beam or truss, arising from the resistances to extension 
and compression of the fibres or pieces in the two portions, 
upper and lower, of the beam or truss; each stress being multi- 
plied by its lever arm from any convenient point in the section. 
These horizontal resisting stresses are due to the attempt of the 
external forces to bend the beam. 

Since the external forces are vertical, their only effects at the 
plane of section must be those due to a vertical force and a 
moment, called, as stated, the shear and the bending moment : and 
the opposing resistances in the material at the section will be, 
first, a vertical shearing stress ; and, second, horizontal tensions 
and compressions. Thus we have at any section the horizontal 
and vertical components of the stresses in the parts cut by the 
section, and are able to derive from them the direct stresses in 
the pieces. It will then be convenient to determine the shear- 
ing forces and bending moments at all points of the structure 
as a preliminary step. If, from any consideration, we know the 
stress in one or more pieces at a section, the remainder of the 
horizontal and vertical components must exist in the remaining 
pieces. As the external forces which are here treated are ver- 
tical, the horizontal components of the stresses at any section 
must balance among themselves. 
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6. Example of Eqnilibrinm Polygon for a Beam; Sup* 
porting Forces. — Suppose that a beam, such as is represented 
in Fig. 4, is supported at the two ends, and has four unequal 
weights situated, as in the sketch, at unequal intervals upon it. 
Let the weight of the beam be included in the imposed weights. 
It is required to find the supporting forces^ or reactions, at the 
abutments A and B, and the shearing force and bending moment* 
at all points. Draw a stress diagram, as before, by laying off on 
a vertical line 1-2, Fig. 4, the weights Wi, W2, &c. Assume 
the pole at a convenient distance from 1-2, and draw radiating 
lines from to all points of division on 1-2. Draw vertical 
lines through the points of support and the loaded points A, C, 
D, E, F, and B. Commence at a convenient point, A^ in the 
vertical through A, and draw A' C parallel to 0-1. From the 
point C, where this line cuts the vertical from the first weight, 
draw C D' parallel to 0-3. Continue the 6ame process until 
the last line F'B', drawn parallel to 0-2, meets the vertical 
line let fall from B, the second point of support. 

If A' C D' E' F' B' were a cord, fastened at A' and B', and 
under the action of the given weights in their given positions, 
it would be in equilibrium, as already shown. The pull on A' 
would be in the direction A' C and of the amount 0-1. The 
pull on B' would be in the direction B' F' and of the amount 
2-0. If the two ends of the cord, in place of being fastened 
at A' and B', were attached to the two ends of a rigid bar, 
A' B', the whole system might be suspended by two cords from 
the points A and B without disturbing the equilibrium of the 
polygon; for, if we draw 0-6 in the stress diagram parallel 
to B' A^ we can see that the inclined pulls at A' and B' are, by 
the introduction of the bar A' B', each decomposed into a thrust 
along the bar and a force acting vertically downwards, as shown 
by the arrows. At the point A' we have three forces, which, in 
the stress diagram, must make the triangle whose sides are 1, 
1-5, and 5-0. In the same way, for the point B', we have the 
sides of the triangle 0-5, 5-2, and 2-0. The thrust 5-0 at A' 
balances the thrust 0-6 at B'; and there remain 1-6 and 6-2, or 
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Pi and P,, the forces exerted by this system on the points of 
support A and B. Any other system of framing, loaded and 
supported in the same way, must give the same pressure on the 
points of support ; and thus the upward reactions of the abut- 
ments for the given loaded beam will be determined. 

Therefore, to find the supporting forces : Having drawn an 
equilibrium polygon, connect A' with B', draW 0-5 through 0, 
parallel to this closing line ; and the two portions into which 
the load line is thus divided will be the forces required. 

7. Shear Diagraxn. — As the shearing force at any section is 
the resultant of the vertical forces on one side of the plane of 
section, the shearing force at any point between A and C will 
be Pi, or 1-5, the only vertical force on the left of C, and 
acting upwards on the left side of the section. Between C and 
D the shearing force will be Pi — Wi, or 3-5 ; between D and E 
it will be Pi — Wi — Wj or 4:-5 ; and so on, being that part of 
load included by the lines of the stress diagram parallel to the 
two lines of the moment polygon cut by a vertical section. 

But if we draw a horizontal line a b equal to A B ; then at a 
lay oS. ag equal to Pi, and upwards, as denoting the direction 
of Pi ; next draw from g a line g i parallel to ab ; then at the 
point f , vertically over c and under C, measure off i k equal to 
Wi, downwards in the direction of action of the weight ; draw 
k I horizontally, then I m downwards equal to Wg, and finally 
mnpqrSj — we shall have a broken line, the ordinate to which, 
from any point of a i, will be the shear on the left of the section 
at the corresponding point of A B. When the Ws which have 
been subtracted exceed Pi, the broken line passes below a b ; 
and finally, on arriving at /, having subtracted all the Ws, we 
have a shearing force equal but opposite to P2. So, at any 
section, jbhe shear at one side of the plane of section, obtained 
by the subtraction just described, will always be equal and 
opposite to the shear on the other side of the plane of section, 
obtained by working from B, with the supporting force P2 aa 
the minuend. Such a result is required to fulfil the condition 
of equilibrium. 
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If the load ie continuous, in place of being concentrated at a 
certain number of points, the successive ordinates will vary in 
length, diminishing with the amount of load passed; so that the 
bounding line will not be horizontal in the loaded portions. If 
the load is of uniform intensity, the upper extremities of the 
ordinates will be bounded by a straight inclined line. 

8. Moment Diagram. — Lastly, to find graphically the bend- 
ing moment at any point. Take the point S. The bending 
moment on the beam at S is, when we take the moments of 
external forces on the left of S, 

Pi. AS — Wi. CS — W, .DS. 

Drop a perpendicular from S, cutting the polygon A' E' B' 
at I and K. Produce C D' and A' C to meet this perpendicu- 
lar at L and M. Also draw C N horizontally. In the stress 
diagram draw a horizontal line, 0-6, through 0, to meet the 
load line. Call this line H. It is the horizontal projection 
of the stress in each side of the equilibrium polygon, which 
projection is well known to be constant for a system of vertical 
loads. The triangles C N M and 061, having their sides par- 
allel, are similar, and we have the proportion, 

MN:C'N = 6-l:0-6. 

Prom the similar triangles C N L and 6 3 we have 

LN:C'N=: 6-3:0-6: 

hence 

or 

But 

therefore 



MN — Ly _ (6-l)--(6-8), 

CTI 0=6 

M L . (0-6) = (3-1) . C N. 

0-6 = H; 3-1 = Wx: 

H.ML = Wi.C'N=Wi.CS. 



In the same way 

H.LK = W,.DS, andH.IM = Px.AS: 
therefore the bending moment 

M = H(IM — ML — LK) = H.IK. 
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Hence the bending moment at any point of the beam is 'pro* 
portional to the ordinate, from A'B' to the equilibrium poly- 
gon, vertically below that point, and is equal to the product 
of that ordinate by H, the constant horizontal component of 
the tensions in the polygon. 

The ordinate must be measured by the scale to which the 
beam is drawn ; and the line which represents H, by the scale 
to which the load line is measured off: but the two figures may 
be of the same scale, that is, number of tons and feet to thiv 
inch, or of different scales, whichever is more convenient. If 
the pole be taken at such a distance from the load line that 
0-6 shall measure ten or one hundred units of weight in length, 
the bending moment will be readily obtained by scaling the 
ordinate, and moving the decimal point one or two places to 
the right, as the case may be. 

9. Relation between Shear and Moment Diagrams. — It 
will be noticed that the line which limits the ordinates for shear 
crosses the horizontal line, or, in other words, the shear changes 
sign, at that point of the beam where the ordinate to the equi- 
Ubrium polygon, and hence the bending moment, is a maximum- 
This relation between the shear and moment diagrams always 
exists ; for, since 0-6 was drawn parallel to the closing line 
A' }Y of the equilibrium polygon, the maximum ordinate will be 
found at E', where the two sides D' E' and E' F', which make 
th(. angle E', are parallel to lines from on opposite sides of 0-6 ; 
and at that place suflBcient weights will have been subtracted 
from the reaction 1-6 to reduce it to zero, and cause the shear 
line to pass the horizontal line at e, 

10. Moment due to any Force; Centre of Gravity of 
Weights. — It has been proved in § 8, that the portion L M 
of the ordinate at S, intercepted between the lines C M and 
C L, is proportional to the moment of Wi about S ; that L K, 
cut off by D' L and D' K, is proportional to the moment of the 
weight which is over D' ; and that I M, included between the 
lines from A', is proportional to the moment of Pi about S : hence 
it follows that the particular portion of the bending moment 
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at any point of a beam which is Jue to one or more of the ex« 
ternal forces is readily ascertained by dropping a vertical from 
the point in question, and prolonging those two sides of the 
equilibrium polygon which include between them the given 
forces. The portion of the vertical line thus cut off, when mul- 
tiplied by H, will be the desired quantity. This property of 
the equilibrium polygon will be of service later. 

If A' C and B' F' are prolonged to an intersection at R, 
and the rest of the polygon is removed, the two sides A'R 
and B' R will be in equilibrium, and will undergo the tensions 
0-1 and 0-2, if the entire load 1-2 is concentrated at R. Since 
the two reactions will be unchanged, a vertical line drawn 
through R gives the position of the resultant of the applied 
weights of Fig. 4. Similarly, if any two sides of the equilib- 
rium polygon are prolonged until they meet, the resultant of 
the included weights will lie in the vertical through that inter- 
section. Thus the resultant of Wi, W2, and Ws, must pass 
through T. This operation may also be termed finding the 
position horizontally of the centre of gravity of the weights. 

11. Maadmum Bending Moment at a Section. — If the 
beam A B, of Fig. 5, carries at first only the weight W at C, 
the bending moments at all points of the beam will be propor- 
tional to the ordinates from A B to A C B, and all of the 
moments will be of the same kind, tending to make the beam 
concave on the upper side: such moments we prefer to call 
positive, since they are the ones with which we are most famil- 
iar. In the stress diagram, 3-0 will be the accompanying value 
of H, and 2-3 the supporting force at A. In the same manner, 
an equal W at D gives the triangle A D' B, with 0' 2 1 in the 
stress diagram. The other two equal W's give the remaining 
parts of the diagram. If all the values of H are equal, as they 
have been made here, the several ordinates below each point 
of the beam may be added arithmetically, since the bending 
moments are alike in kind, producing the figure A" C" E" B", 
whose ordinates will be multiplied by 0-3, or any other equal 
line J8presenting H, to produce the bending moments. Exactly 
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the same figure would be obtained by laying off the whole load 
on a vertical line, taking the pole at the abo^'e distance from 
the vertical, and proceeding as usual. 

It will be evident, from the preceding steps, that, as every 
additional weight increases the bending moments at all points 
of a beam or truss of one span supported at both ends, the 
greatest possible bending moments at all pointSy in case such a 
structure is subject to a moving load, will be found when the 
span is entirely covered with the rolling load, 

12. To bring the Closing Line Horizontal — Since the 
closing line A'' B" is parallel to the line from the pole to that 
point on the load line which divides it into the two supporting 
forces or reactions, if it is desired that A'' and B", the extremi- 
ties of the funicular polygon, shall fall on the same horizontal 
line as in this figure, it is necessary to divide the load line into 
the two reactions, and then to assume the pole in the same 
horizontal line with the point of division. It is generally of 
no consequence that A'' B" should be horizontal : the equilib 
riu'n polygon has the same properties in any position. 

13. Maximum Shearing Force at a Section. — Returning 
again to the case where the weight W alone acted upon the beam 
of Fig. 5 at C, we know that the shear diagram will be repre- 
sented hj acg hiby where a c = Pi = 2-3, and g h = W, which 
is subtracted at the point vertically below C. On the left .of 
any section between A and C the shear is positive or upward, 
and equal to Pi ; while at any point between C and B the shear 
is negative on the left of a section, and equal to — P2. In the 
same way, when W alone is placed upon the beam at D, we 
obtaiii the shear diagram adklmb^in which the shear again 
changes in sign at the weight. The other two shear diagrams 
belong to the remaining weights. If, then, it is possible to 
have some or all of these weights on the beam at one time, it is 
evident that th^ maximum positive shear on the left of a sec- 
tion, at all points between A and C, will be found when all of 
the weights are placed upon the beam ; for we shall then have 
a shear whose value is the sum of the separate positive ordi- 
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nates of the four shear diagrams just drawn. For any sectioi> 
between C and D it is manifest that the positive shear will be 
greatest when W is removed from C. For a section between ]> 
and E the two weights on the right wiU give positive shears,, 
and anywhere between E and F a positive shear on the left of 
a section can only be obtained from the weight at F. It is also< 
plain that the four weights together will make the maximum< 
negative shear on the left of a section between B and F, and 
that the weights must be removed in succession as we pass them> 
to find the greatest negative shears at different points. 

Hence follows the rule, that the greatest positive or upward: 
shear on one side of any section toill exists for a beam or truss of 
one span supported at both ends, when all possible moving load' 
is placed upon the other segment only of the span; and the- 
greatest negative shear, when the moving load covers the seg- 
ment on the same side. 

14. Diagram of Mazimum Shear. — These maximum posi- 
tive values of shear may be grouped in one figure, when they 
will produce the diagram a' </ d' e' f V; but it must be remem- 
bered that the shears represented hy the ordinates of this diagram 
are not co^xistent^ but occur in succession as the loads are added 
from one end. They are, however, useful, since they give the- 
greatest shears, which must be guarded against in the structure. 
If the reader will draw a shear diagram for a complete load, and 
then for loads over a less extent of span, he can readily compare- 
the diagrams with the last one of Fig. 5, and see the difference,, 
and at the same time the agreement of the maximum values at 
successive sections. 

If the load is uniformly distributed, the broken line </ d' e'f V 
will become a continuous curve, which can be proved to be 
parabolic; and, if a simple method of constructing the diagram, 
is given, the maximum shear at each point for such a load can» 
be readily found. 
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CHAPTER 11. 

«IKGLE-SPAN TRUSSES WITH HORIZONTAL CHORDS. GENERAl 

TREATMENT. 

15. Equilibrlnm Poison applied to a Bridge; Data. — Let 

the method, as thus far developed, be applied to a bridge-truss 
with parallel chords, under a moving load of given intensity. 
The truss is represented by A B C D, Fig. 6, supported at A 
and D. In order to deal with moderate dimensions, we will 
suppose that the span is 80 feet, height of truss 10 feet, fixed 
load I ton per running foot, moving load i ton per running foot, 
each for one truss. The scales of the figure and diagrams are, 
as shown below them, 30 feet = 1 inch, and 80 tons = 1 inch. 
The smaU weights represent the fixed load arising from the truss 
and platform, as if concentrated on the joints of the lower 
'Chord ; the larger weights represent the moving load. As each 
panel is 10 feet long, the load from the bridge will be 2 J tons 
rat each joint, and from the rolling load 5 tons. The points 
A and D will each carry one-half of a panel weight : these 
weights wiU cause no stress in the truss, and might be neg- 
lected altogether; but it will be found convenient to plot 
i;hem on the load line, as thus the total weight of the truss will 
fbe accounted for, and the shearing force will be more readily 
^obtained. 

16. Folygon for a Partial Load. — Suppose that the rolling 
load extends from the abutment D to the joint G inclusive. 
Draw a vertical line, and lay off 1-2 equal to i (2 i + 6) tons, 
the weight at D ; next 2-8 = 7i tons at L, 8-4 = 7i tons at K, 
;and so on to 6-7 at G ; then 7-11 = 2 J tons at F, 11-12 = 2 J 

27 
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tx>DS at E, and finally li tons at A, reaching a point 18, mid 
way between 12 and 14. Next assume the pole 0, which is so 
taVf^n here that H measures 20 tons. Leave out of considera- 
tion 1-2, the weight at D; and starting at D^ a convenient 
distance vertically below D, draw D' L', L' K', . . . E" A" par- 
allel respectively to 2-0, 8-0, 4-0, &c. ; the last line, E" A", 
being drawn parallel to 12-0. The equilibrium polygon will 
be completed by drawing the closing line from A" to D'. 

17. Shear Diagram for the Same Load. — Draw in the 
stress diagram 0-9 parallel to A" D' : 18-9 and 9-1 will be the 
supporting forces at A and D. The shearing force at any section 
will be represented by the ordinates to a broken line, constructed 
similarly to ffiklm^ &c., of Fig. 4 ; the ordinate at a being equal 
to 12-9. If, however, the concentrated loads of this truss are 
supposed to be distributed over the horizontal line A D with an 
intensity of one-fourth ton per foot from A to a point half way 
between F and G, and of three-fourths ton per foot for the re- 
maining distance, the total load will be unchanged, the reactions 
will be the same ; but the ordinate ag will equal 13-9, dn will 
equal — (9-1), and the ordinates at all points will be limited 
by gpn. The line gp must have a declivity or slope corre- 
sponding to the intensity of i ton per foot, or 2^ tons per panel ; 
while pn inclines at three times that rate. The angle p 
occurs in the middle of a panel, where the intensity of the 
load changes. The difference between the ordinate at a to the 
inclined line g p and the one which would have been plotted 
for the broken line, or between 13-9 and 12-9, is the half-panel 
weight directly supported at A. Then as, in reaching the 
middle of successive panels, we shall have passed beyond just 
IIS much distributed load as the amount of concentrated load 
wliich is here carried at the joints, the broken line which falls 
by steps, and the inclined lines g p n oi the figure, will in- 
tersect one another in the middle of each panel. A small 
portion of the broken line is sketched near g^ and, for another 
case, near i : hence, as it is easier to draw gpn than the 
broken line, we may find the shear in each panel by measur- 
ing the ordinate to g pn in the middle of each panel. 
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18. Effect on Diagrams of Movement of Load.— If the 

rolling load retires, so that J is the last fully loaded point, we 
shall have three loads of 7J tons each, and the points from E to 
I will carry only 2J tons each. We may make available a con- 
siderable portion of the polygon already drawn. Since 4-6 rei>- 
resents the load on J, we can lay off the smaller loads below ; 
the one on E falling at 6-16, and the half load at A reaching 
a little beyond 16. Constructing a second equilibrium polygon 
as we did the first, we shall get D ' K ' T G '' F^' M" ; and, draw- 
ing 0-8 parallel to A''' D', we get the new supporting forces for 
this position of the rolling load: hence we find jr and ri as 
we did gp and p n. Do not forget that d i = 1-8, and not 2-8, 
and simUarly for aj ; for the inclined lines always start from 
the end of an ordinate which represents the entire abutment 
reaction, including the weight directly supported there. 

If the load extends over the whole truss, our load line will be 
1-10, and the equilibrium polygon wUl be A' E' F G' I' . . . D'. 
As the pole was taken opposite the middle of 1-10, and as, 
for an entire uniform load, the two supporting forces are equal, 
the line A' D' is horizontal. The shear diagram for this case is 
abvcd. 

19. Maximum Moments and SheaxB. — Without carrying 
out in detail the construction for every possible position of the 
moving load, we see indications which will render needless the 
drawing of so many diagrams. First, as pointed out in § 11, 
the bending moment at any point of the truss is greatest when 
the whole bridge is loaded. The polygon A' G' J' D' will give 
ordinates of the greatest length, and these ordinates multiplied 
by H give the bending moments. Second, as in § 13, the 
positive shearing force at any point is greatest, when, of the 
two portions into which the point divides the span, that seg 
ment is fully loaded which lies on the opposite side of the plane 
of section to the shear considered. For example, the shear in 
the panel F G, when the rolling load extends from D to G, is 
hp. If the rolling load is less, or covers a less extent, the sup- 
porting force at A will be less than a g^ and the line parallel to 
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g f will therefore pass below |7. On the other hand, if the 
moving load advances farther, the supporting force at D will 
be greater than in, and the line parallel to nj9 will again pass 
below f. The ordinate A j[? is, therefore, equal to the greatest 
possible positive shear in the panel F G. 

20. Curve for Masdmum Shears. — It is evident that the 
greatest value of the reaction at either abutment will be one- 
half of the weight of truss and full load, and that the least 
value will be one-half of the weight of the unloaded truss. In 
the first case the shear diagram will be abvcd; and, in the 
second case, alvkd; a I and ah being respectively the half 
weight of truss and the half weight of truss and load, and the 
two inclined lines cutting a (Z at the middle of the span. From 
an inspection of the two diagrams already drawn, whose angles 
fall at p and r, it will be seen, that for loads coming on at D, 
and extending gradually across the bridge, the vertex r of the 
angle of the shear diagram will, for successive advances of load, 
take a series of positions from m in the last panel, on the line 
I h^ through r and j9, to t in the first panel, on the line b c^ when 
the roiling load has finally reached E. If, then, we know the 
path described from t to m^ and can construct it, all the maxi- 
mum ordinates can be readily obtained. If the rolling load 
were applied uniformly foot by foot to a beam, the desired locus 
would be a parabola^ extending from b to A, described on J t; and 
vk SLa tangents ; but as our locus is to extend from t to nij for 
loads concentrated at intervals, the lines b v and v k will not be 
tangents. The construction will now be shown : the proof of 
its truth will follow. 

Draw a horizontal line A B, Fig. 7, equal to the span of the 
truss. At one end of it, as A, erect a perpendicular A C, equal 
to one-half weight of truss fully loaded, to the scale of load 
line used; and at B draw on the opposite or negative side of 
AB a perpendicular BD, equal to one-half weight of truss 
alone. From the extremities of these lines draw C O and D O 
to the middle point O of A B. Divide C O and D O each into 
tlie same number of equal parts as there are panels in the truss. 



BBIDGSXTBUSSES. 81 

Ntunber the points of division in the same direction on each, 
beginning at C and O with 0. Draw straight lines 1-1, 2*2, &c., 
between the points having the same numbers. Then the verti* 
cal ordinates from A B to the intersections of consecutive lines 
in the series (which ordinates will come at the middle of the 
panels of A B, if that lii;e be divided into panels to match the 
truss) will be the exact shears required in the panels in which 
they occur for loads concentrated at joints as here taken, and 
already described in Fig. 6. 

As verticals dropped from the panel points of the truss will 
divide the lines C O and D O, or 6 v and vk oi Fig. 6, into half 
the desired number of parts, it is only necessary to bisect these 
parts to obtain the desired points. The reader can complete 
this figure on a large scale, and notice the intersections of the 
several lines between C O and D O. Any consecutive lines, 
such as 8 and 4, will intersect vertically above the number 
found by adding their numbers, in this case 7, always an odd 
number ; and the intersection thus occurs exactly in the middle 
of a panel. 

21. Proof; Qeneral Formula for Shear. — First, to deduce a formula 
for the shear in any panel. Let 

N = number of panels in the truss ; / =z length of truss in feet ; 

I 
-z = length of one panel ; W = fixed load at a joint ; 

W'= moving load at a joint; n= number of any joint in the 

bottom chord from the left abutment, the abutment being numbered ; 

F» = shear in the nth panel, between the nth and (n -f- 1) st joints. 

If the joints from n-f-1 to N — 1 inclusive are each loaded with 
W -[- W, and the others with W only, the shear from steady load in the 
nth panel will be the supporting force J (N — 1) W less the loads, n W> 
between the left abutment and the section, or [J (N — 1) — n] W. The 
amount of rolling load on the truss is (N — 1 — n)W\ and the shear from 
this load at the section in the nth panel will be the same as the supporting 

force at A, which is equal to the above rolling load multiplied by — Zlii. 

the distance of its centre of gravity from the opposite abutment, and di« 

N — n 
Tided by the span Z, or (N — 1 — n) ^-kt W'. Therefore 

P,= J(N.-2n-l)W + (N-n-l)^^W'. 
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22. Sqtuitloii of the Shear Line. — Second, let us take the origfai 
of co-ordinates in Fig. 7 at O, A B being the axis of abscissas, and the 
ordinates being measured vertically. Let v and m be the co-ordinatee 
of any point of division P, v being vertical, and measured to the scale by 
which A C and B D were laid off, and m being horizontal, expressed in uniU 
of a half-panel length. The equation of the line O C is 

i; = — Jm(W+WO: 
the equation of the line O D is 

» = — JmW. 

Let F F' be any line of the series previously described. The oo-ordv> 
nates of the point F' are 

m", and tr" = — J to" W. 
The co-ordmates of the point F are 

TO'=:m" — N, and t/ = — jTO'(W + W')= — *(»»" — N)(W + WO. 

From analytic geometry we have the general equation of a line in terms 
of co-ordinates of two points in it, 

m — to" 

Substituting the value of the other co-ordinates in terms of m", as given 

above, we obtain 

• I / // XT. /w I w/x — * (to"— N) (W+W) + Jm" W , „ , T^. 

• + *("»"— N) (W+WO=— ^-^^ JL^^rii' (m-.TO"+N) 

= _j(^«^''+N)(W + W')+m"(TO~TO"-fN)|^, 

or r=-iTO(W-|-WO+m"(TO~TO"-|-N)^. (a) 

which is the equation of the line P' P", in terms of to". 

Writing in this equation to" -|- 1 for to", we shall obtain the equation of 
the consecutive line in the series, which is 

p = -Jm(W-f-W') + («"+l)(m-«"-l + N)^ 

=-J«i (W+W') + (»""+l) ("•-"•" + N) |^-(m" + l) ^. (i) 

If we eliminate to" from equations (a) and (&), we shall have the equa* 
tion of the locus of the intersection of the consecutive lines. To do so^ 
subtract (a) from (6), obtaining 

= (TO-TO" + N) ^- (TO" + 1) ^; or 

= TO — 2to" + N— 1: 
whence m" = J (N -{- to — 1). 
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Snbetitate this value in (a), and 

•=-Jm(W + W')+i(N + m-l)[«-i(N + m-n+N]|^ 

=~J«»(W+W') + i(N+m-l)(N + m + l)|^, (c) 

which is the equation of the locus required. 

The points of division at the ends of F' F' are both numbered m", or the 
horizontal distance of one end from O to the right is the same as the hori- 
zontal distance of the other end from C to the right ; that is, the projection 
of the moving line is a constant quantit7. 

The value of m is shown above to be 

It will be remembered that m is the abscissa, measured in half-panel 
lengths, of the point of intersection of the two lines whose extremities are 
at m" and mf' -{-1: hence, to find where the ordinate to this point comes on 
the axis of abscissas, measure from A, which is — N half-panel lengths from 
O, 2 m" -|- 1 half -panel lengths. Putting this fact in general terms, we may 
say that the ordinate to the intersection of the nth line with the (n -f- l)s<i 
line of the series comes at a distance of 2 n -{- 1 half-panel lengths to the 
right from A, or in the middle of the nth panel. 

To find the value of this ordinate in terms of n, we write in (c) m" = n, 
and /« = — N -|- 2 /* -j- 1 thus producing 

r= i(N- 3 n -1)(W + W')+i„(- N + 2n+ 1 + l-i- N)^ 

-J (N-2n-l) W-f (N-n-l)^y W, 
which was the value of the shear F deduced in § 21. 

23. Diagonals and their Stresses. — The shearing force in 
any panel is then obtained, for example, in the panel E F, Fig. 
6, by erecting the ordinate ^ s to the shear curve (if we may so 
fityle it) at the middle e of the panel, the curve having been 
constructed by the method of Fig. 7. As the panel would 
change from its rectangular form in case the diagonal were 
removed, as abeady explained in § 4, the diagonal S F alone 
must resist the shear, and the diagonal will be a tie. The ordi- 
nate .i 8 being the vertical component of the tension in this tie, 
we need only draw «/ parallel to S F, from «, untU it meets the 
horizontal line, when sf will be the tension in S F, according 
to the scale of loads. It is well to bear in nund that a horizon- 
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tal member cau txansmit no vertical force, unless it acts as a 
beam, which it can only do when it has a force or load imposed 
directly upon it ; but a direct force of tension or compression 
applied at one end of a piece passes through without change to 
the next joint. 

A similar line from p will give the tension in R G, and so on 
to r. The point r, under the middle of the panel I J, will be 
the last one where we shall find any positive or upward shear 
on the left of the plane of section, which occurs when the load 
extends from D to J. As shear of an opposite kind calls for a 
diagonal, if a tie, sloping in the other direction, in the panel I J 
will be found the last necessary tie parallel to B E. 

The remaining panels from J to D would have, therefore, 
the diagonals represented in the sketch; but a rolling load 
coming on at A, and extending towards D, would cause shears 
similar to those given by ordinates between r and tw, but greater 
in amount than those stresses. The diagram would be com- 
pleted by drawing on Z v and v c another shear curve similar to 
the one previously constructed; but, as the figure would be 
exactly the reverse of btsprmk^ it is sufficient to find the 
stresses from A to J, and then make the truss from D to G 
symmetrical with A J. The heavier the rolling load compared 
with the fixed load, the farther will the diagonals sloping one 
way pass beyond the middle of the span. Those diagonals 
which are between the centre and the abutment to which they 
convey their load are usually called main braces : those beyond 
the centre are termed counterbraces, or simply counters. Fig. 6 
has but two counters. Some designers, for constructive reasons* 
place counters in many or all of the remaining panels. 

The occurrence of two diagonals in one panel should lead to 
no ambiguity as to which one is under strain. They must both 
be tension, or both compression members ; and the points devel- 
oped in § 4 will enable one to see which diagonal will act for a 
given shear. As one diagonal tends to shorten, the brace occu- 
pying that place, if a compression member, will resist the ten- 
dency ; or, if a tie, will spring or buckle imder a slight force. 
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leaving the distortion to be resisted by the other brace. As 
the other diagonal tends to lengthen, the brace in that line, if 
a tie, will come into action ; but, if it is a strut with abutting 
ends, it cannot exert tension^ and the first diagonal must supply 
the force. If, however, one diagonal is a tie and the other a 
strut in the same panel, or if both diagonals are competent to 
carry either kind of stress, they will both act together ; and the 
distribution of the given shear between them is indeterminate, 
except on some assumption or condition. No good design will 
be so constructed. 

24. Stresses in the Verticals. — Since e s ia the vertical 
component of the stress in S F, it must be the compression in 
S E ; for the tension in S F, upon reaching S, is decomposed, 
the horizontal component compressing S R, and the vertical 
component compressing S E. The vertical force of S E will 
next pass over E B, with the addition of that part of the weight 
at E which may properly pass that way. As these things are 
true of any set of diagonals and verticals, it follows that the 
ordinate to the shear curve at the middle of a panel determines the 
stress in that diagonal and vertical^ whichy taken together, may be 
considered to connect two loaded Joints. If, therefore, we imagine 
the load to be upon the top chord in place of the bottom 
chord, s e will give the compression on R F instead of S E ; 
for, considering the vertical force passing from R to S over the 
pieces R F and F S, there is then no applied load between R 
and S to alter its amount. In Fig. 6 the stress in B A equals 
the ordinate at t : were the load on the top chord, the stress 
would be increased by the half load at B, so that it would 
become ha. A change of load from one chord to the other 
affects the stresses in no pieces except the verticals, and only 
changes the amount of those stresses, but not the kind. 

25. The Middle Vertical — The middle vertical alone may 
sometimes offer an exception to the preceding way of determin- 
ing the maximum stress in it. It will be seen, that, when the 
load is upon the upper chord of Fig. 6, and the entire span is 
(jovered with rolling load, the ties which meet at I in the lower 
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chord will be in action, since the bridge is symmetrically loaded ; 
and that the vertical at I must then transmit from the top to 
the bottom joint the entire weight which rests at its top, or one 
panel weight of steady and rolling load. If this amount is more 
than the ordinate which the shear diagram gives as belonging 
to this vertical, the former must be taken in place of the latter. 
The same remark holds if the load is on the bottom chord, and 
the main braces lie in the other diagonals ; in which case they 
will be struts. The verticals will then be tension members. If 
the truss is as here represented, or if, when strut diagonals are 
used, the load is on the top chord, no special attention need be 
paid to the middle vertical, as it then follows the general rule. 

26. Stresses in the Chords. — As the equilibrium polygon 
A' F' r K' D' alone is needed for determining the maximum 
bending moments at all points, we have simply to multiply each 
ordinate under a joint by the value of H from the stress dia- 
gram, and divide by the height of the truss, to obtain the chord- 
stresses. For suppose that we pass a vertical plane of section 
through the joint F. It follows from § 6 that the moments of 
the stresses in all of the pieces cut by that section, when taken 
about any point in the section, must balance, or, in other words, 
equal, the bending moment at that section. If the origin of 
moments is at F in the lower chord, and the moment of resist- 
ance of all the stresses on the left of the secUon is desired, as 
balancing the bending moment of the external forces on the 
right, we see that the vertical R F, the diagonal S F, and the 
chord piece E F, terminate at the proposed moment axis or 
point F; and hence, having no arms, their stresses have no 
moments. There only remains the compression in the piece 
S R of the top chord, multiplied by R F, the perpendicular to 
it from F. As this moment must resist the bending moment, 
we divide the latter by R F to find the stress in S R. Hence 
follows the opening statement of this section. Similarly, taking 
moments round R, and conceiving them, as taken on the right 
of the section, to balance the equal bending moment on the left^ 
all the pieces which meet at R have no moments ; and ther» 
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remains the tension in F G multiplied by R F, its lever arm. 
The same steps will give the chord-stresses in the other panels 
As, with a uniform load from A to D, no counters are required, 
the shear diagram being simply ah vcd^ or the tendency of the 
panels to change their shape being such that the ties which 
slope from G and J toward the cefitre will slacken, the counters 
may be disregarded in determining chord-stresses. 

27. Chord^Stresses (continued). — It follows that the com- 
pression in S R equals the tension in F G; and the same equality 
is true of B S and E F and of the other portions of the chords. 
This fact may also be readily seen if we pass an oblique plane 
of section through S R and F G : the only other piece cut by 
the section will be R F; and as this vertical cannot carry a hori- 
zontal stress, and the external forces are all vertical, the stresses 
in S R and F G must be equal and of opposite kinds, so that 
those pieces of top and bottom chord which lie between two 
diagonals in action will have the same amount of stress. That 
the upper chord is in compression, and the lower chord in 
tension, follows from the tendency of the load to make the 
truss concave on the upper side, or to shorten the top chord 
and lengthen the bottom one. Of course the compression or 
tension is constant for a panel-length, and the stresses are sym- 
metrically distributed with regard to the middle of the span. 
As there is no bending moment at the abutments, there is no 
stress in A E or L D ; and these pieces are unnecessary for the 
equilibrium of the truss. If the bridge-seats came directly 
under the top chord, A E and L D might be left out; but, as it 
is, they lend aid to the bottom lateral bracing in stiflfening the 
bridge against wind and vibration. The counters being neg- 
lected, it is evident that two panels of the top chord at the 
middle have the maximum stress, and tliat no equal tension 
occurs in the bottom chord. The reverse is true if the diagonals 
are struts. 

To jSnd, therefore, the tension and compression in the bottom 
and top chords between any two adjacent diagonals which in- 
cline the same way, it is only necessary to select the ordinate to 
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the maximum equilibrium polygon under the common panel 
joint of the two chord pieces, multiply by H, and divide by the 
height of truss. Since H is constant, and the height of the 
truss, in trusses with parallel chords, is also constant, if H is 
numerically some simple fiActor or multiple of the height of the 
truss, the whole operation can be performed by changing the 
scale by which the ordinate is measured. 

28. Parabola for Chord-Strassas. — Availing ourselves of 
the last suggestion, we are able to draw a figure for chord- 
stresses at once. That the vertices of the equilibrium polygon 
for an equal load on each joint of a bridge-truss lie on the parab- 
ola which is the limit of the polygon when its sides become in- 
finite in number, or, in other words, when the load is uniformly 
distributed over the truss, may be proved by taking moments at 
any joint. If, then, we draw a parabola below the truss whose 
middle ordinate is equal to the maximum stress in the chord at 
the centre of the span when the load is uniformly distributed 
over the span, the ordinates at the several joints will give aU 
the chord-stresses dkectly. 

As the bending moment at the middle of a beam which is 
uniformly loaded with a total load W" is equal to the supporting 
force at one abutment, J W", multiplied by its arm, one-half 
the span = i Z, minus the weight on the half span, 1 W, multi- 
plied by its arm reckoned from its centre of gravity, i Z, or 

M= J W"- J /—J W- i l=i W" /, 
or is equal to one-eighth of the total load multiplied by the 
span, the maximum stress in one chord of a truss of the 
height k will be, at the mid-span, 

and this will be the value of the middle ordinate. 

Therefore proceed as follows : On a horizontal line A B, 
Fig. 8, equal to the length of the span, lay off the panel joints 
D, E, F, G, &c. Draw C I and A P vertically, each equal to 

1 being at the middle of the span. Divide A P into 

O n 
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the same number of equal parts with AC; thus finding the 
points K, L, N, and O. Draw I O, I N, I L, I K. The points 
R, S. T, and U, where these lines cut the verticals dropped from 
the panel joints, will determine the desired ordinates C I, G R, 
F S, &c., which are the stresses in the chords from the middle 
to the abutment. Since the lines which radiate from I cut from 
the vertical P A the distances P O, 2 P O, 3 P O, &c., and the 
points R, S, T, &c., occur at horizontal distances of C G, 2 C G, 
3 C G, &c., from I, it is easy to see that the vertical distances 
of R, S, T, &c., from I, vary as the square of their horizontal 
distances, and that these points wHl, therefore, lie in a parabola. 
The other half of the figure may be completed if desired. 

Figs. 7 and 8 will thus give at once all of the desired ver- 
tical and horizontal forces in parallel-chord trusses with one 
system of bracing. The diagonal stresses will be obtained by 
drawing lines as described in Fig. 7, parallel to the braces. For 
the small number of necessary lines, and the exactness of inter- 
sections and measurements, it is beUeved that these two diagrams 
will compare very favorably with any others. In Fig. 11 they 
are given with no repetitions or useless lines, to show how small 
is the required work. 

29. Sections of Pieces. — Each part of the truss which 
undergoes tensile stress should have its effective or smallest 
section equal to the quotient of the maximum stress it must 
exert divided by the safe working stress on the square inch. 
The cross-section of pieces in compression should be determined 
by Gordon's Formula, or some similar method. The working 
out of details does not come within the scope of these pages, 
and we will xgtev the reader to books which treat of the strength 
and resistance of materials. Some additional matter which 
appropriately comes in this connection may be found in Part L, 
"Roofs," Chap. X.^ Pieces liable to alternate compression 
and extension should be made of larger cross-section than for 

1 Any reader who is taking up this subject for the first time, and unassisted, 
win find much valuable information, presented in a simple form, in Boiler's Iron 
Hi£^way Bridges, published by Wiley and Sons, New York. 
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one stress only, as the safe working stress on tho square inch ifl 
less. This safe stress is also taken as a smaller quantity for web 
members near the middle of the span (or for any others which 
experience the maximum stress, especially if accompanied b} 
shock, every time a load passes across the bridge) than for those 
members which only have the greatest stress when most or all 
of the bridge is loaded with the heaviest possible load ; a con- 
tingency which occurs less often in large spans than in those of 
moderate length. 

80. Moment Diagram for Partial Moving Iioad. — If a 
load W is placed at any point C, Fig. 9, distant x froln one 
support of a beam A B whose span is Z, the equilibrium polygon 
will be A' C B', and the stress diagram will be drawn on the 
line 1-2. The supporting force at A, obtained from similarity 
of triangles in the stress diagram and the equilibrium polygon. 

is W — = — , and the bending moment at C will be —- (i — a;) x. 

As this moment varies as the product of x and Z — a;, the two 
segments into which C divides the span, and as the maximum 
ordinate occurs at the weight, the maximum moment at each 
point of the beam, as the weight W rolls across it, will be repre- 
sented by the ordinate to a parabola, drawn through A' and B', 

Wl 

and having its vertex at a distance jw or iW I vertically below 

the middle of the beam, according as the ordinate is or is not to 
be multiplied by H to give the bending moment. This parabola 
is shown by the dotted curve A' D' B'. 

If the load is distributed over a certain space C F, in place 
of being concentrated at a single point, we can place the load 
first on the middle of the span, and, by a stress diagram or 
otherwise, draw A' D' B'. The diagram is 2' V 0'. The lines 
2-0' and I'-O' will give B' D' and A' D', which, as explained in 
§ 10, will meet on the vertical dropped from the centre of 
gravity of the imposed weights. If the centre of gravity of 
these weights is placed at the middle of the span, and they then 
occupy the positions 0, E, D, and F, the true equilibrium poly 
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gon wiU be A' E' G' F' B', of which the part E' F' is roadUy 
•constructed from the points of division on 2'-l'. The maximum 
ordinate is at G\ and is less than that for the concentrated 
weight by the quantity G' D'. When the loads are moved until 
their centre of gravity is over I, the polygon passes through 
K, a constant vertical distance within the parabola A' D', by § 10, 
•depending upon the amount of load on one side of D', giving 
the curve shown within on the right If the ma3dmum ordinate, 
at G, lies to the left (or right) of D', draw lines such as A' C, A' I 
(or B' I, B' C), etc., and set off vertically above these lines, at 
the horizontal distance from C, I, etc., that the maximum ordi- 
nate lies to the left (or right) of D', the distance by which the 
maximum ordinate falls short of the line A' D' (or B' D'). The 
^absolute maximum ordinate occurs when the middle of the 
beam bisects the horizontal distance between G and D'. S'or 
another solution see § 54, p. 63. When the load begins to pass 
-off the span at either end, the two curves approach one another. 

Such a moment diagram as Fig. 9 may be useful when the 
requirements for a highway bridge are, that it shall support a 
^certain distributed load, or a certain other load concentrated on 
the wheels of a wagon. The diagram also applies to a locomo- 
tive in connection with a lighter train : it will be referred to 
again. 

31. Shear Diagram for Partial Moving Iioad. — The dia- 
:gram £ot shear for a single load at the middle of the span will 
be the two equal rectangles aihd and dgkb of Fig. 10, the 
height a i and kh oi each being one-half the load. If the load 
IS moved to <?, we have tsuv. If it is put at one-quarter of the 
span from one end, one rectangle will be one-quarter of the load 
in height, and the other three-quarters of the load : hence we 
:see, that, as the load passes across the span, the maximum shear 
:at successive points will be found by drawing ordinates to an 
inclined line which reaches from one extremity b of the span to 
^ point Z, at a distance a I equal to the load, above the other 
•extremity a. If the load is distributed according to any law 
over a definite area, the shear line will fall, according to thft 
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intensity of the load, over that portion of the span which is 
loaded. Thus, for the four concentrated loads at ^, «, d, and /, 
corresponding to those of Fig. 9, the shear diagram changes to 
irqponmk. If this load had been spread over the portions 
from (7 to /, the dotted line would have taken the place of the 
bit)ken line ; and, as before, it can be used for the broken line, 
if the ordinates are measured at points midway between the 
weights. The maximum ordinate is now just before ^, but still 
equals aiov d A, the ordinate at the centre of gravity. Hence, 
when the system of loads is moved, as there is always a definite 
amount of load in advance of the centre of gravity, the maxi- 
mum ordinate will be found by drawing a line parallel to b Z, 
and at a distance below it determined by the position of the 
end of the load, as in this figure at r «. 

82. Stresses due to Iiocomotive. — While it has thus far 
been considered that the load on a truss, or the weight of a 
train, is uniform per foot, it is manifest that the locomotives at 
the head of a train are heavier per foot than the cars, and that 
such additional weight should be allowed for, more especially 
in designing the bracing. If we find the excess of such load 
over the previously-considered uniformly-distributed load, and 
then draw moment and shear diagrams for this excess of load, 
distributed over its proper space as it moves across the span, 
these diagrams can be added to the ones previously obtained, 
and the solution will thus be completed. As the miiximum 
moment for a concentrated load occurs when the weight is 
placed at the middle of the span, there is not so much need of 
adding its diagram to that for uniform load. At the time the 
load in question is in the middle of the span, the train can cover 
but half of the bridge; and, by the time the train covers the 
greater part or the whole of the span, the locomotive is just 
leaving the bridge, and the ordinate for the weight in that posi- 
tion will be very small. If, however, some car of the train is 
liable to carry a heavy load, — such as a locomotive in transitu^ 
heavy castings, or ordnance, - this diagram is very properly 
added. The shear diagram for concentrated weight is particu 
!arly applicable to railroad bridges. 
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These two diagrams are added to the usual ones in Kg. 11. 
f n adding them to figures already drawn, we must see that the 
moment diagram has the same value of H as the large one to 
which it is joined; or, if the ordinates themselves represent 
•chord-stresses, that the scales shall be the same, and that the 
two shear diagruns shall have the same vertical scale. 

Modern methods of designing call for a consideration of the 
maximum and minimum stresses in the several pieces. The 
equilibrium polygon for steady load will give the minimum 
•chord stresses, or they may be found by proportion from the 
stresses for full load. A shear curve like trm^ Fig. 6, may be 
■constructed onl v and v c, which will determine the minimum 
shears in the successive panels from the left, or the ordinates to 
r 771 in the right-hand panels may be used on the left with their 
^ign reversed. 



CHAPTER m. 

TBtiSSES WITH HORIZONTAL CHORDS. SDYGLE 8TSTEM8. — 

VARIOUS TTPES. 

88. Gtoneral Example. — In the illustiutions annexed to 
Fig. 11, the span is taken as 120 feet, height of truss 15 feet,, 
rolling load for one truss 1,000 lbs. per foot, steady load for 
same 500 lbs. per foot. The maximum ordinate for chord- 
stresses will be, by § 28, 

(60^+120.000)_120^j3,^,^jj^ 

N O is made equal to this amount at the middle of the span, 
and P Q equal to the same at the abutment. P Q is divided 
into the same number of equal parts (here four) as there are 
panels in the half-span; and lines from O to these points of 
division cut off the chord-stresses at N O and the points S, 11, 
and W. 

The abutment reaction of truss and coinplete load will be 
half (60,000 4- 120,000) = 90,000 lbs.; and of truss alone, half 
60,000 = 30,000 lbs. Lay off these quantities at « t and p q 
respectively, connect the points t and q with o, the middle of 
ap^ drop verticals from panel joints to these inclined lines^ 
bisect the parts so obtained, connect the points of division on 
1 and oq SiS directed for Fig. 7, and the shear curve is com- 
pleted for the above load. 

If the train may contain or be drawn by an engine having 
56,000 lbs. on three pairs of drivers, 14 feet wheel base, the 
load for one truss will be 28,000 lbs. on 14 feet ; from which 
we must deduct 14,000 lbs. mean rolling load already consid* 

44 
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ered, and we have 14,000 lbs. extra weight to be allowed for. 
We may consider this load as concentrated on one panel joint, 
or as distributed to the adjacent joints. The first supposition 
will give the most stress. The chord-stress at the middle will 
be, by § 80, 

which is plotted above the horizontal line, at N Y, and the 
parabola completed. The combined chord-stresses are thus 
obtained by scaling from the vertices of one polygon to the 
corresponding vertices of the other, Y O, R S, T U, and V W. 

For shear, lay off the excess, 14,000 lbs., at 8 r, below tte line 
8 jt?, and draw a straight line from r to p. As the ordinates to 
the shear curve give stresses in the web when the load extends 
from the right abutment to the panel in question, it is apparent 
that this construction will give at the panel joint the additional 
amount of shear due to the engine at the head of the load. As 
the shear is measured in the middle of each panel, move rp 
parallel to itself until the point p on rp falls in the middle of 
the first panel on the right : the alteration is too small to be 
seen in this figure. By laying the diagram off below the hori- 
zontal or base line, while it is still considered positive, the two 
ordinates at any panel are at once combined. Lines drawn 
parallel to the braces, from the upper ends of these ordinates, 
and limited by horizontal lines from the lower ends of the 
ordinates, as shown in the figure, will give the stresses in the 
braces. It will be seen that the distance over which braces 
that incline one way extend is prolonged farther beyond the 
middle ; the limit now being fixed by the point w, where the 
shear curve crosses the line rp. 

Remember, that, if the additional load is not concentrated at 

one joint, the new lines for chord-stresses and shear will be a 

certain constant, vertical distance within the ones just con- 

,structed, as explained in §§ 30 and 31. 

' 34. Howe Truss. — Truss I of Fig. 11 is generally called, 
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from the inventor who built it in wood, the Howe truss. The 
diagonals are struts, and the verticals ties (see § 4). The load 
is upon the bottom chord. If the verticals are iron rods, and 
the remainder of the bridge is built of wood, this type of truss 
is well adapted for such materials. Iron bars used in the bot- 
tom chord bring the truss into the class usually known as com- 
bination bridges. The end posts and end pieces of the top 
chord have no truss-stresses, but are useful in connecting the 
top lateral bracing by a stiff frame with the abutment. As 
generally constructed, the joint at B has not sufficient rigidity 
for this purpose ; so that a pier or abutment panel is introduced. 
Some designers, however, make a special connection at B, and 
carry the top chord no farther, the truss then ending as shown 
at the right. 

The stresses in the bottom chord, in the successive panels 
from the abutment to the middle, will be equal to V W, T U, 
R S, and Y O. In the top chord the compressions will be, from 
B to the middle, V W, T U, and R S. The compressions in the 
diagonals which have corresponding letters are abj cd^ e/, ff i, 
and k L For convenience in screwing up the bridge, and to 
stiffen the main braces by bolting to the counters where they 
intersect, most builders carry the counters through all of the 
panels : they may be of small cross-section. As these bridges 
are generally covered from the weather, and have, in some rare 
instances, been blown from the abutments by violent gales, they 
should be bolted to the abutments, when the counters will resist 
any sudden gust of wind from beneath. The tensions in the 
verticals B C, D E, F G, and I K, will be the stresses represented 
by the vertical lines at J, d, /, and i. The middle vertical, 
when the truss is completely loaded, and G I and I M are under 
stress, must carry one panel weight = 15 X 1,500 = 22,500 lbs. 
This amount is less than the ordinate at e, and therefore of no 
consequence. By symmetry we get the stresses on the other 
half of the truss. 

85. Pratt or Qnadrangnlar Tmss. — Truss II differs from 
the truss of Fig. 6 in being loaded on the top chord. The 
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modification at the right end of this truss may be introduced 
with advantage, in case it is not too expensive to carry the 
masonry for the bridge seats to such a height. If the bridge 
seat is at the level of the lower chord, the end post will carry 
one-half the total weight of truss and rolling load, or rt; for the 
half-weight at A will come upon this post in addition to the 
shear in the first panel. 

Truss III differii from the truss of Fig. 6 at' the ends only. 
The end diagonal is a strut, which transmits the same amount 
of force as do the diagonals in the first panels of the preceding 
trusses. This introduction of inclined end posts is very com- 
mon in iron bridges, and is economical. The first vertical now 
becomes a tie, which manifestly can carry only a panel weight 
of steady and rolling load. The stress in the bottom chord 
will be uniform from A to D, and equal to VW, the stress 
which would have been found in B D of the truss above. 

Authors and engineers are not agreed upon the name by 
which the type of truss illustrated by Fig. 6 and Trusses II 
and III shall be designated: it is often named after some 
designer who invented a modification of one or another detail 
of construction, with which details a skeleton diagram has 
nothing to do. Some of the names which have been given are 
Pratt, Whipple (see § 55), Murphy- Whipple, Linville, &c. We 
prefer the first title, if it is to be named after any engineer, 
but would rather style it a single quadrangular truss^ by which 
shall be understood a truss with horizontal chords, inclined ties 
which extend but one panel each, and vertical struts. The 
modification of Truss III is understood when the qualifying 
term inclined end posts is added. If the rolling load comes 
upon the lower chord joints, the bridge is called an over-grade or 
through bridge; if upon the upper chord, an under-grade or 
deck bridge. 

86. Comparison of Trnsses. — Truss lY, a Howe truss, is 
seen to differ from Truss I in having its load upon the upper 
chord; otherwise no separate remarks are necessary. The 
Howe truss is evidently the reverse of the Pratt or quadran* 
gular truss. 
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As stated before, it will be seen from these examples that ncj 
change in the magnitude of the stresses in chords or diagonal$ 
occurs when the load is shifted from the bottom to the top 
chord ; and hence, so far as they are concerned, it makes no 
difference whether the steady or rolling load is considered as 
applied to either or both at once. This truth may also be 
recognized from the &ct that neither the bending moment nor 
the shear can be changed by moving a load vertically. The 
stresses on the verticals^ however, will be altered by such a 
change, as may be seen by remembering that the vertical and 
diagonal, which together connect two adjacent weights, transmit 
the same amount of vertical force. 

87. Warren or Triangnlar Tmss ; every Joint Iioaded. — 
The truss marked V is usually known as the Warren Girder; 
although the name Triangular Truss is often used, and is appro^ 
priate. Every joint of the bracing is loaded ; the loads on the 
bottom chord at B, E, &c., being transferred to C, F, &c., by the 
vertical suspending rods B C, E F, &c. These rods carry what- 
ever load can be placed at their lower ends. No part of one 
chord has the same stress as any part of the other chord ; but 
a section at successive joints, by the usual analysis, necessarily 
determines the stress in the opposite pieces of the chord : thus 
the ordinate of the diagram for chord-stresses, which comes 
above C, will be the tension in A D ; the ordinate above D will 
be the compression in C F, &c. The stresses in the braces will 
be found as usual ; but, by reason of the alternating inclinations 
of the pieces, they will be successively compression and ten- 
sion from the abutment to the middle. The same rule will hold 
beyond the middle as far as counters may be necessary ; so that 
a certain number of the inclined members must be struts and 
ties alternately, as they change from main to coxmter-braces 
under a passing load. In this particular example one piece 
each side of the middle must be dep?gned to resist tension as a 
main brace, and a small amount of compression as a counter- 
brace. As it is of doubtful economy to have one piece repeat- 
edly undergo a reversal of stress, some builders use a hollow 
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strut with light tension rods within it when a main-compressii)n 
member has to act as a counter-tension member. Tension bars 
are stiffened against a moderate compression by a light lattice 
bracing of flat bars riveted to the edges. 

Sometimes, though rarely, this truss is loaded upon the top 
chord, when this figure inverted will represent the case : B C, 
E F, &c., must then be replaced by vertical struts, and the 
series of inclined members will begin with a tie. 

38. The Same ; alternate Joints Loaded. — When the ver- 
ticals are omitted, the load will come upon alternate joints, as 
seen in Truss VI. The shear ordinate will be measured mid- 
way between the loaded points, as usual, and belongs to the 
diagonals on each side of it ; so that the diagonals in pairs will 
have the same amount of stress: that is, the compression in 
A B equals the tension in B C, the compression in C D equals 
the tension in D E, &c. For this truss also, K L will be a 
strut, aud L M a tie, when the rolling load extends from the 
right abutment to M : but, when the load covers A K only, 
these pieces undergo stresses equal to those in G I and I K for 
a load on the right segment up to K ; K L will then be a tie, 
and L M a strut. Web members near the middle of the truss 
must therefore be adapted to both compression and tension. 
Lines from 6, c?, /, i, and ?, in the shear diagram, parallel to 
these braces, will give the amount of stress in each, as usual. 

The stresses in the pieces of the top chord will be given by 
the ordinates over the corresponding joints of the bottom chord, 
as was done for both chords of Truss V. But, to find the ten- 
sion in A r of the bottom chord, the plane of section must pass 
through B , and the ordinate will therefore be the one at B' in 
the diagram below the truss. The tension in C E will be given 
by the ordinate at D' : hence the ordinates at B', C, D', E', &c., 
will be the stresses in those pieces of the chords which lie above 
them. The funicular polygon is drawn as usual, with angles 
under the loaded joints ; but additional ordinates are drawn to 
the middle points of the sides. 

When the top chord is to be loaded, the truss may stand as 
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here sketched, or be inverted, and the web system will tlien 
begin with a tie. Shifting the loads from the bottom to the 
top chord moves them laterally half a panel, if the truss is 
not inverted; and hence the chord-stresses are changed: the 
method of analysis is not affected, however. 

89. Compaxison of Trusses. — We show in the annexed 
table, in one view, those parts of the six trusses which have the 
same stress. The first portion of the table is devoted to the 
chord pieces which correspond to the ordinates V W, T U, R S, 
and Y O ; and below them will be found those web members of 
each truss whose stresses have vertical components equal to b v, 
dtv^fx^ iy^ and Iz. The span and the load are in each case the 
same. 

Tbum 1. II. III. IV. V. VI. 

vTlj^g {^g AD \^% AD BD 

TU=}gf jgf {gi jgf CF DF 

« « (EG (EG (EG (EG 
^^-"IFI \Yl \Yl jFI 



Y DG F J 

Y0= GK GK GK GK FK IL 



*^={bc {bc ^c ^» ^c {bc 

,,^_(CD (CD pp. jBC pp. (CD 

^•^=|dE IDE ^^ JCD ^^ JDE 

-^ (EF (EF (DE jDE j.j. (EF 

J'=^\¥G \¥Qr ^EF tEF ^* \YQ 

(GI (GI (FG (FG pp (GI 

*y=ilK llK |gI |gI ^^ \lK 

I «- KT KI 51 K 5IK (FG (KL 

We have added to the trusses just discussed two other types, 
resulting from efforts of the designers to invent trusses which 
shall carry additional loads without an increase in the number 
of panels ; that is, when the panel joints become so fg,r removed 
from one another, by reason of the height of the truss combined 
with the desired angle of inclination of the diagonals, that it is 
thought best' to concentrate loads at intermediate points, they 
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have introduced short auxiliary pieces to support such loads. 
Modifications of Truss VII. are becoming very common for 
bridges of long span. (The following section may be omitted 
untQ part of Chapter V. has been read.) 

40. Baltimore Bridge Oo.'s Truss. — Pratt or Single Quad- 
rangular Truss with Intermediate Braces. — Each short vertical 
of Truss YII. transfers the load at its foot to its upper end. The 
amount of force in any short brace, its horizontal component, 
and its vertical component or portion of the load on the short 
vertical carried by the short brace, may be found thus : At the 
point M meet four pieces, M A, M B, M N, and L M. The weight 
at N is the tension in M N ; lay it oflf downwards in a «, Fig. 13. 
Proceeding in left-hand rotation about M, draw 8 q indefinitely, 
parallel to M B ; return on the same line, parallel to M A, to a 
point t, so that t a, parallel to L M, will close on a. The com- 
pression in L M is ^ a. The short brace in each panel will there- 
fore have a vertical component of one-half of whatever load is 
at N, P, K, &c. The horizontal projection ot ta will be the 
horizontal component of the force in the short brace, and will be 
the difference between the compression in A C and the tension 
in B D, or in C E and D F, &c. 

At any vertical or oblique section of a truss under vertical 
forces, the sum of the horizontal components or forces in the 
pieces cut by the section must be zero, and the sum of the ver- 
tical components on one side of any vertical section must equal 
the shear. Also, a member which really assists in carrying 
positive shear must, if a strut, slant dow7i, and, if a tie, slant up 
toward the left abutment, and vice versa for negative shear. If 
a member inclines in the other direction, the remaining inclined 
membere cut by the vertical section must resist the shear and 
the component in the first member besides. Figs. 30 and 31 
will illustrate this matter later. 

Drawing the diagrams marked Fig. 12, we see that A C, C E, 
E G, and G K of the top chord of Truss YII. will have compres- 
sions equal to the ordinates B' F', C G', D' I', and E' K', here 
drawn on the right to save space. The tension in L B will be 
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the horizontal component of the thrust in LM for a full load at 
N, or the horizontal distance from t to a. Fig. 13, if a' 8 is a panel 
weight of truss and rolling load. The tensions in B D, D F, and 
r I will exceed the stresses in A C, C E, and E G by this same 
amount. Therefore set oflf this distance vertically above A' E', 
draw a horizontal line, and measure the bottom chord ordinates 
to it. 

From the shear diagram of Fig. 12 it is evident that h w, dp^ 
fvy i ty and Iv will be the vertical components of the tensions in 
MB, O D, Q F, SI, and U W. From a 7n, eo, eq, and g s 
should be subtracted half a full panel weight to give the vertical 
components of the maximum tensions in A M, C O, E Q, and G S. 
A horizontal line at the proper distance above w u will cut oflf 
the four ordinates at once. The compressions in the verticals 
A L, C B, E D, and G F will also be given by this step. As I TJ 
is part of the main diagonal tie, it will not carry positive shear, 
and K TJ will have k u for its vertical component, which will 
also be the compression in K I. TJ W and F S will sometimes 
be in tension, as indicated above. When TJ W is carrying Iv^ 
the diagonal vertically above it is slack. 

Truss YIII. is Truss VII. inverted. The short verticals become 
struts and carry a panel weight ; the short diagonals become 
ties and sustain half a panel weight. Fig. 13 is equally applic- 
able. Beginning at the left abutment, we see that the first half 
of the main diagonal tie has a m for its vertical component. 
The lower half will carry, in addition to J ti, a half panel weight 
arising from the action of the short tension diagonal ; for the 
algebraic sum. of the vertical components in these two inclined 
pieces must equal the shear h n, as explained in the second para- 
graph of this section. The horizontal line must therefore be 
drawn below w u in this case. The stresses in fhe top chord will 
be greater than in panels of the bottom chord lying between the 
same main diagonals by the amount of the horizontal component 
of the stress in the short tension diagonal, and the top chord 
ordinates will now be measured to the horizontal line above A' E'. 

The inclined portal at the right end of Truss VII. is a modifi- 
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cation which affects otfly the end panel. The chord-stress is 
•constant for two long panels, and equal tc» that in B D. 
^^^ 41. Kellogg's Patent Truss. — In this truss, marked IX, the 
tension in M N will be given by the ordinate for that joint, or 
B' F' ; the compression in C E and the tension in D O will equal 
C G' ; and in the same way D' F applies to E G and F P. The 
middle ordinate belongs to the middle panels of the top chord. 
The ordinate a m will be the shear in A C ; d jp, the shear in C D ; 
/r, the shear in E F; if, that in G I ; but ku gives the shear in 
the counter K L. The vertical component of the stress in M C, 
C N, E O, and G P, is the amount of weight at M, N, &c. The 
horizontal component will be resisted by the lower member. 
The tension in A M will be the horizontal component of the 
compression in A C ; the stress in M N has already been indi- 
cated; that in N D'will be greater than the tension in M N by * 
the horizontal component of the stress in N C. The stress in 
O F is increased by the same amount over that in D O. The 
force in B C equals the weight at its foot. The compressions in 
D E, F G, and I K, are given hj eq^ g a, and ku, A right- 
angled triangle whose hjrpothenuse is parallel to C N, and whose 
altitude equals a panel weight at N, may be drawn to give the 
stress in C N and the horizontal component to be added for 
the stress in N D, or the three forces may be compared by 
*-ihe similar triangle B C N. 

Any other paraUel^hord trusses with single systems of bracing 
jan be analyzed in a similar way. 

42. Plate -Qirders. — Where, from lack of room, we are 
obliged to make the ratio of the height of a truss to the span 
small, and where the load per foot to be carried is large, as is 
the case with short span raUway bridges required to carry a 
locomotive whose drivers will cover a considerable portion of 
the span, a plate girder may be the most desirable form of 
bridge. In tL casfit may be conceived that the web members 
have been made so thin in the dimension tranverse to the span, 
that they occupy with their other dimension the whole of the 
web. It is still supposed that the plate of which the web is 
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uow formed withstands all of the shear, and thai the moment 
of the stresses in the two flanges resists the bending moment. 
As the web is quite thin, this assumption involves no material 
error. The web is usually of one thickness throughout the 
span, and hence should be thick enough to withstand the shear 
at the abutments: it should also be thick enough to resist 
compression in a direction of 46® with the horizon, of an amount 
at each section equal to the shear at the same section. If the 
web, computed by Gordon's Formula, as a column of 1.4 times 
the height of the girder, and of a thickness required to resist the 
shear, is not thick enough to carry this thrust, vertical stiffen- 
ing ribs of angle or T iron are usually riveted to the web at 
such a distance apart as shall reduce the length of the com- 
pressed piece, measured at an angle of 46° between two verti- 
cals, to the proper amount for the given thickness and compres- 
sion. It results that usually no verticals will be required near 
the middle of the span, but that there will be a less and less 
interval between these stiffening ribs as we approach the abut- 
ments. From practical considerations, the web is generally not 
less than J inch to f inch thick, — an amount usually enough to 
resist the shear. 

In determining the cross-section of the flanges, as the girder 
is frequently of a uniform height from end to end, and the 
flanges of a constant width, we see that the thickness of the 
plates of the flange at each section will be directly proportioned 
to the bending moment or chord-stress. They may, therefore, be 
laid off on the parabola for bending moment, and their lengths 
determined. Thus, suppose that the tension or compression 
in one flange at mid-span, from a uniform load, is 100,000 
lbs., that the flange is 8 inches wide, and that the safe stress 
on the square inch is 8,000 lbs. Every 16,000 lbs. height of 
ordinate will require i inch thickness of flange. If, therefore^ 
we draw the parabola of Fig. 14 to represent the chord-stresses, 
and draw horizontal lines at intervals, in height, of 16,000 lbs., 
the length of the successive plates of the flanges may be easily 
measured off on the scale of the base-line which represents the 
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span. The thickness of the plates may be made i inch, | inch, 
and i inch, or as judgment dictates. The lengths of the pieces 
can now be easily arranged to break joint, and the required 
cover plates added above to supply the deficiency at joints. 
When cover plates come near together, they may be combined 
in one supplementary plate. 

Fig. 15 is intended to show how the several pieces of the 
flanges and web should break joint. The rectangle at A repre- 
sents the web 3' 6" deep, and V thick, vertical angle irons being 
placed on the joints and the dotted lines. B gives the bottom 
angle irons, the top set being similar, and all 3i'' X 3i'' X i''- 
At C is shown the bottom flange, the top flange being the same, 
12" wide y thick for 40 feet, and i" thick for the strip which 
extends across the whole span. The cover plates for flanges 
are 26'' long. The above dimensions are from an existing 
irder of 65§ ft. span. 

43. Truss of Odd Number of Panels. — Trusses which 
have a single system of bracing are usually designed with an 
even number of panels. But it is evident that an odd number 
of panels may be used if desired : indeed, as we shall see pres- 
ently, trusses with a double system of bracing must have an 
odd number of divisions in one system. The truss of Fig. 16 
has five panels and four loaded points, not including the points 
of support. The equilibrium polygon or the diagram for 
chord-stresses is drawn below the truss; and it is seen that 
the maximum ordinate C O', as obtained by § 28, will not repre- 
sent a chord-stress. But if we divide B' P into five equal parts, 
corresponding to the number of panels in the whole truss, or 
twice the customary number of parts, and connect alternate 
points of division with O' by O' Q and O' R, the ordinates 
r K' and 1/ W will be the chord-stresses ; F K' existi Dg in E N 
and F I, and U W being found in I L and N O. The shears 
will be found as usual. The diagonals G I and F K cross the 
middle of the span, are not under stress for a complete load, 
and are properly counter-braces. The panel G F I K is some- 
dmes known as a crosa-paneL 
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44. Trapezoidal Tmss. — Before closing this brancli of the 
subject, we will allude to two or three trusses which should not 
be overlooked. The trapezoidal truss may be considered a 
truss of three panels, and will be made from Fig. 16 by remov- 
ing two panels* Its analysis is, therefore, the same. It is also 
easily treated by a stress diagram, as applied . in Part I., 
"Roofs; " and the reader is referred to Fig. 14 and § 25 of that 
part. As the only piece strained to a maximum by a moving 
load is the counter, or brace in the middle panel, two diagrams 
— one for a complete load, and one for moving load covering 
on£ joint — will suflBce. 

•'^46. Fink Truss. — This type of truss, illustrated by Fig. 17, 
and invented by Albert Fink, does not properly belong* to the 
class of this chapter, as it has no bottom chord. When the 
travelled way passes at a level with the feet of the main posts, 
there may apparently be a bottom chord by reason of the 
arrangement of the lower lateral bracing ; but such a member 
is not concerned with the supporting power of the truss. An 
inspection of the figure will show that each short post will 
carry one panel weight; each post at the quarter-span, two 
panel weights ; and the middle post, four panel weights. The 
stress in each tie must have as a vertical component one-half 
of the weight on the post which it supports. The compression 
in the top chord will be uniform from end to end. A moving 
load covering the entire span will cause the maximimi stress 
in every piece. If a section is made at the middle of the span, 
the stress in the main or longest tie may be obtained by taking 
moments about the middle joint of the upper member ; and, that 
stress being known, a section at the quarter-span will give the 
stress in the next tie. But moments taken about the bottom 
of the centre post will not give the compression in the upper 
member, as the stress from the ties which meet at the middle 
joint of the upper member must be added. 

A modification of this truss has been used, which is shown in 
Fig. 18 ; and there is a bottom chord in this design. We have 
drawn a half-span, and will leave its analysis, which presents 
no special difiQculty, as an exercise for the reader. 



BBIDGB-TRUSSES. 67 






' 46. BoUman Tmss. — The truss of Fig. 19, designed by 
Wendell Bollman, also requires no bottom chord. If the load 
is upon the lower line, the portion of load at each apex is dis- 
tributed to each abutment directly by the two independent ties 
which nm from each loaded point. The bridge being loaded 
throughout, the compression in the upper member will be the 
aggregate from the several triangular systems, and will be 
uniform throughout. The verticals will theoretically have no 
duty to perform : practically they keep the upper member from 
bending under its own weight and the thrust. If the load is 
on top, the posts will each carry a panel weight. The inventor 
added diagonals in each panel, giving a separate means of sup- 
port for the foot of each post. Most of the ties run at too 
small an angle with the horizon, and their section will be large 
for the amount of vertical component which they convey to the 
abutments. The truss is not an economical type, therefore, and 
has been but seldom built. 

1-47. "WUid Bracing. — The wind exerts a thrust against the 
side of a truss, generally in a horizontal direction; and this 
thrust must be allowed for. Wooden bridges which are covered 
from the weather will expose a large surface to the wind ; but, 
in any case, the total pressure will be obtained by multiplying 
the area of exposed vertical surface by the greatest intensity of 
the wind pressure per square foot, the latter being taken at 
from forty to fifty pounds. To the lateral surface of the truss 
add, for an open or a deck bridge, the area offered to the wind 
by a train of cars. The wind pressure on the bridge will be 
a uniformly distributed force, acting horizontally ; and it will 
be resisted by a i^ystem of trussing between the two upper 
chords and also the two lower chords of the bridge, arranged 
upon any convenient plan. Usually the Howe Truss type of 
struts diagonal and ties perpendicular, or the Pratt type of ties 
diagonal and struts perpendicular, to the chords, is used. Both 
diagonals will be required in each panel of the lateral bracing, 
as the wind may blow from either side. The pieces of the 
bracing should, properly, increase in section as they approach 
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the abutments. Quite often they are made of one unifcrm 
Bcctlon throughout the bridge. 

As the cross-section of a bridge is a hollow rectangle, the 
thrust of the wind tends to rack it more or less. Vertical 
lateral bracing can be introduced in a deck bridge, should 
never be omitted when the truss is supported at the ends of the- 
lower chord, and should meet the chords at the same points- 
with the horizontal lateral bracing. In other cases, especially 
in through bridges, short knee-braces or gusset-pieces are used 
to give stiffness to the rectangle. Sometimes the verticals, if 
struts, are spread at the bottom transversely to the truss to aid 
in giving stabiUty. The wmd pressure has an overtummg- 
moment equal to the total pressure multiplied by the vertical 
distance of the point of application of the resultant wind press- 
ure above the abutment; and this is resisted by the weight 
of the bridge multiplied by its half-width between centres of 
trusses, or by the tension of bolts which may fasten the truss- 
to the masonry. 

^ 48. Shear shoTyu by the Moment Diagram.-^The follow- 
ing interpretation of the moment polygon may be interesting : 

As, by § 7, the shear at any point, such as S, Fig. 4, of a loaded beam or 
truss, is equal to that part of the load line included by those two lines of the- 
stress diagram which are parallel to the two sides, such as A' B' and D' E', of 
the moinent polygon cut by a vertical dropped from that point — the shears at 
successive points of a beam are proportional to the inclinations of the twO' 
sides of the moment polygon below the successive points to one another. 
When the side A' B' is horizontal, the shear may be said to vary as the tangent 
of the inclination of the side, such as D' E' of the moment polygon ; to be con- 
stant over each space covered by a side of the equilibrium polygon ; to change 
sign with the tangent ; and to pass through zero at the point of maximum 
bending moment. The change in the shear, or the amount of load from point 
to point, is proportional to the change in slope of the successive sides of the 
equilibrium polygon. 

If A S = a;, and I K =: y, we may say that the bending moment varies as y, 

the shearing force as -p, and the intensity of load as ~^, 

The small parabolic segments between the equilibrium polygon for loads at 
joints of a truss and the full parabola for the same uniformly distributed load, 
represent the bending moments on the stringers, if the latter are simple beams*. 



; 



/ 

>^' BRIDGE-TRUSSES. 69 



49. Skew Bridges.— ^Trusses are sometimes built with panels 
of unequal lengths, to adapt the bridge to some peculiarity of 
place. Trusses over a skew crossing not infrequently have un- 
•equal end panels, in order to bring the floor-beams at right 
angles to the axis of the bridge. As the structure is not sym- 
metrical, it will be necessary to find the chord-stresses for all 
panels, and to pass the rolling load across the truss from either 
end, to complete the strain sheet. 

Thus the bridge, one truss of which is shown in Fig. 23, 
span 105 feet, height 20 feet, has a skew oifroe feet in its width ; 
hence the end panels may be made 10 feet and 20 feet, while the 
others are 15 feet each. For a load of uniform intensity per 
ioot, the panel weights at B and O will be respectively less and 
..greater than those from D to L. The vertices of the equilibrium 
polygon or chord-stress diagram will be inscribed in the usual 
parabola for a uniform load ; but it will probably be easier to 
lay off a load-hne and draw a polygon at once, as shown. When 
the truss is fully loaded from end to end, the two reactions, in- 
cluding the portions for the weights at A and K, will be equal, 
and, if the pole is taken opposite the middle of the load-line, the 
•closing line will be horizontal. The chord-stresses will be found 
from the ordinates marked. As, with a full load, the shear is 
^positive in panel F I and negative in panel I L, G I and I N are 
in action, and the ordinate K' 1' gives the compression in G N. 

The shear curves must be drawn for loads advancing from 
^either end. The end ordinates will be a 6 = half the total load, 
and r 5 = half the weight of the truss. Divide the inclined 
lines h m and m 8 hy verticals dropped from the loaded points 
and by points midway between. Draw 1-1, 2-2, &c. The 
compression in D E is d e ; the tension in E F is ^y*. The 
^stresses for loads advancing from the left are given by the lower 
•curve. 

50. Trusses on a Grade. — Trusses sometimes occur on more 
or less steep inclines. If the truss is horizontal and the floor- 
<beams alone vary in elevation, the truss is unaffected, except so 
ifar as the work done in a brief time in raising a rapidly moving 
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train may increase the stresses. Since those web members 
which together connect two loaded points will have the same 
amount of vertical force, the stress in the lower part of a verti- 
cal which carries a floor-beam attached at such a point as P, 
Fig. 26o, will be given by the shear ordinate for the panel to 
the left, and the stress in the upper part by the ordinate for the 
panel to the right. 

51. Inclined Trusses, supported on Loaded Chord. — If 
the truss is inclined, and the rolling load comes on the chord 
which is supported by the abutments, Fig. 26a, the effect of 
the inclination is to shorten the span of the equilibrium polygon 
and shear diagram. The moment ordinate may be multiplied 
by H and divided by the perpendicular height of the truss 
between chords ; or the chord-stress diagram may be used, as 
usual. The ordinate which gives the stress in any chord-piece 
is drawn below the joint opposite the chord-piece, as marked. 

The stresses in the pieces A C, I L, L O, and O K of the 
bottom chord will be found by extending the side of the equi- 
librium polygon below each one until it meets the ordinate 
under the opposite top chord joint B, IST, Q, or S, and measuring 
the longer ordinate so found. For the right section of the truss 
through Q, for instance, cutting L O, leaves the weight at O 
on its right. This weight, therefore, should not be included in 
the bending moment on the left of O Q, and the side of the 
equilibrium polygon should be extended to O' to give the ordi- 
nate indicated for L O. The usual ordinate below B will give 
the tension in C D ; the longer one, found by extending A' C to 
B', will give the stress in A C. These added quantities are all 
the same, being due to the moment of a panel-weight with an 
arm equal to the horizontal projection of a post, as shown in 
§ 10. The stresses in the bottom chord are not symmetrical, 
owing to the longitudinal components of the weights. 

As the chords are inclined, the stresses in such pieces as D E 
and E F will be found by drawing the right-angled triangle dJ^y 
on the usual shear ordinate. Compare § 63. If h eis the shear 
on a vertical section, d e will be the shear on a right or normal 
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section and will be the compression in D E, while ef will be the 
tension in E F. 
52. Inclined Trusses, supported on Unloaded Chord. — 

When the load is on the chord which is not supported by the 
abutments, Fig. 26b, the inclination of the truss throws all of 
the loads a certain distance to one side, so that the distribution 
resembles that of the skew bridge. Whether the first and last 
panel- weights, B and S, shall be different from or equal to the 
others, depends upon the way the approaches are made. Follow 
the construction for the skew-truss in the former case. In the 
latter case, represented by Fig. 26b, the reactions will be un- 
equal, but the panel-weights will be alike. The loads, here seven 
in number, are laid off on the load-line, the polygon drawn, and 
the reactions at once found. The sides of the equilibrium poly- 
gon will be prolonged as before, in some cases. The ordinates 
and the respective chord-pieces to which they belong are marked. 
Lay off the above reactions in the two end panels of the shear 
diagram, at half a panel distance from the loaded joints B and 
S, as shown, so that the ordinates will be equidistant, and com- 
plete the shear diagram as usual. The web stresses will be 
found from the shear ordinates. as in the previous case, and as 
indicated in this figure. 
s. 53. Shear Diagram for Concentrated Loads. — The amount 
and distribution of the^loads to be used in designing a bridge are 
frequently prescribed specifically. When wheel weights must be 
used, the case will be similar to that shown in Fig. 29a. Con- 
ceive this train to be reversed, and the head of the engine to be 
at B, ready to move toward A. If the first wheel weight is sup- 
posed to roll across A B, from B to A, the shear at any point in 
advance of that wheel will, by § 31, Fig. 10, be given by the 
vertical ordinate to the straight line B J, measured at the point 
where the wheel then rests, if A J is the weight. When the first 
wheel has reached C, the second wheel enters at B. The suc- 
cessive shears due to the second wheel, and in advance of it, will 
be given by vertical ordinates between the lines B h and B c, where 
S c is the second weight. In order to have these two shears 
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added together at the first wheel, the line B c may be moved 
parallel to itself — that is, a line parallel to B c is drawn through 
the point where B b cuts the vertical through C. When the first 
wheel arrives at D, the third wheel enters the span, a line paral- 
lel toB d will be drawn through D, and so on. A broken line 
is thus constructed whose ordinates will give the shear at the 
head of the train, as it advances from the right. 

To construct this shear line most easily, set off the positions of 
the given engine and train weights from B, in reverse as shown, 
the first wheel being at B. Erect verticals at the several points, 
and at convenient intervals on the uniformly loaded portion. 
Set off the loads in the same order upward from A, A S being 
the first engine weight. Draw B C, C D, D E, E F, &c., in suc- 
cession, parallel to B J, B <?, B ^, B ^, &c. To the left of any 
point, such as G, the shear will be G I, when the first wheel of 
the engine stands at G and the engine and train cover G B. 
The several intercepts of G I by lines from B, C, D, &c., parallel 
to B c, B dJ, &c., would be the partial shears from the several 
wheel weights. 

If A B represents the span of a beam or plate girder, the shear 
at any point, such as G, may be greater when the head of the 
train has advanced further to the left ; for, while the weights 
then to the left of G must be subtracted from the ordinate at the 
head of the train, the movement of so many loads towards the 
left may have increased that ordinate to a greater amount. 
Draw at G the broken line G K IST, whose vertical distances cor- 
respond to A 6, J (?, &c., and horizontal distances to B C, C D, 
.&c. When the first wheel is at G, the shear to the left of G 
is G I. When the first wheel is at J, the shear between J and 
G will be J L-K J or K L. When the first wheel is under N", 
the shear just to the left of G will be N" O, and so on. It is 
found by measurement that K L is the maximum shear just to 
the left of G. By drawing G K N", with base G A, on a sep- 
arate piece of paper, one can slip it along from point to point 
and find maximum shears with' ease. Carefully ruled cross- 
jsection paper is very convenient for use. 
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In applying this shear diagram to any bridge-truss, as to the 
Pegram truss above it, when the head of the train advances 
beyond a panel-joint, we deduct from the ordinate at the head 
of the engine only so much of the load in the panel as is carried 
by the stringers to the panel-joint in advance. Since the stringer, 
for a span of one panel, acts like the beam A B, set off A P 
to represent a panel length, and draw PS/ make P Q horizon- 
tally equal to B C, draw through Q a line parallel to P <?, make 
Q E horizontally equal to C D, and draw through K a line par- 
allel toTd. Draw P Q R, &c., on a separate piece of paper. 
Place P at the several panel-joints in A B, and scale in each 
panel the longest ordinate, at P, Q, or E, as the case may be. 
From the relative rates of slope of P Q E and B F I O it will be 
seen that the shear will be maximum at the head of the train 
when near B, and that the point of maximum shear will shift 
successively to wheels further back as the train advances to A. 
If the panels are so short that the head of the train gets into the 
next panel before the maximum shear is found in a particular 
panel, the whole amount of wheel weights in that next panel is 
to be subtracted. 

Shears from steady load must be found separately, by Fig. 29c, 
and added algebraically. Since they will exceed the live load 
shears on the extreme right, the latter need not be scaled, unless 
maximum and minimum stresses are wanted. 

54. Maximum Bending Moments and Chord-Stresses 
from Concentrated Loads. — The truss above Fig. 29a rep- 
resents a bridge of 200 feet span, and this bridge is to be sub- 
jected to a moving load of 3,000 pounds per foot, headed by two 
engines, as marked on the line A B. Tlie first wheel is placed 
wherever convenient, as at B, and the train is supposed to extend 
indefinitely beyond A. Drop verticals from the loaded points 
and at convenient equidistant intervals from the portion covered 
by the uniform load. Lay off to a scale of tons or pounds, on 
the vertical line A X, the wheel loads in order, beginning at A 
with the wheel load which rests at B, and follow with the uni- 
form load. Assume a pole S, and proceed to draw the equilib- 
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rium polygon A' B', Fig. 29b, for this moving load only. The 
portion to the right of B', in advance of the engine, will be a 
straight line. If the truss is placed above the train as shown in 
the figure, A' B' will be the closing line, and ordinates under 
the several joints will give bending moments. I^rom them 
we may obtain the chord-stresses for the given position of load ; 
but these stresses will not be maximum ones. Space off some 
more panel distances at each end. As it is easier in the drawing 
to move the span A" B'' than the moving load and its accom- 
panying equilibrium polygon, imagine the bridge moved succes- 
sive panel distances to the right and left. If the span is moved 
one panel to the right, W U will be the closing line, and the 
first engine wheel will be at T' ; if the span is moved one panel 
to the left, T V will be the closing line, and the first wheel of 
the tender will have nearly reached B". The other closing lines, 
shown in the figure may now be added, all having a constant 
horizontal projection equal to the span, and cutting oflf ordi- 
nates proportional to bending moments at joints as the load 
traverses the bridge. 

The ordinates shown cut these lines into panel-lengths. If the 
curve 1-1 is sketched through the points at one panel-length 
horizontally from their right extremities, the vertical ordinates 
between the curve 1-1 and the equilibrium polygon will give all 
the bending moments at joint T' as the train passes, and on a 
drawing of reasonable size it is easy to select the maximum 
value. It is noticeable that the bending moment remains 
very nearly constant for a considerable movement of load. 
The maximum ordinate comes under a weight, and may be 
found quickly by scale ; it may be looked for under one of the 
drivers. 

The curve 2-2 cuts the closing lines at points distant horizon- 
tally two panels from their right extremities, and from it is found 
the maximum ordinate for the second joint. Similarly the curve 
3-3 is found for the joint three panels out from B". 

The dotted curve, between 1-1 and 2-2, belonging to the top 
joint a little to the left of T', will furnish the bending moment 
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ordinate for maximum stress in the second panel of the bottom 
chord. 

When the uniform load is heavy, it may be well to see whether 
the moment at any joint is greater for that load than when the 
engines are on the bridge. Moments for uniform load may be 
found on the left portion of this polygon or by the figure to the 
right of 29o, which is intended to be used for the truss-weights. 

Since this equilibrium polygon for engine-weights does not 
depend upon the truss, it may be carefully drawn in ink to a sat^ 
isfactory scale ; the closing lines and joint curves 1-1, 2-2, <fec., 
can then be constructed in pencil for any proposed truss. 



CHAPTER IV. 

rSUSSIS WITH HORIZONTAL CHORDS. MULTIPLE SYSTEMS. 

55. Double Quadrangtilar Trass. — When, from length of 
span and corresponding economical height of truss, with a 
single system of bracing at the usual inclination, panel joints 
come too far apart, it is frequently the practice to add another 
independent system of bracing. Such trusses will now be 
discussed. The truss of Fig. 20 is the first one to be taken 
up. Where the compression members of the web are vertical, 
and the ties inclined, there seems to be a- general agreement 
that an inclination, for the latter members, of 45*^, is tlie most 
economical : hence follows this type of truss when the height 
is much more than a desired panel length. The name of duvhle 
quadrangular truss may be used to designate it, distinguishing 
it from the single quadrangular of a preceding section. Many 
apply the term double intersection^ meaning that the tie crosses 
two panels : it is also known as the Whipple Truss, and is prob- 
ably better entitled to that name than is the truss of Fig. 11, 
II, III. An inspection of the figure will show that there are 
two independent systems of bracing. The two trusses thus 
formed might, therefore, be analyzed separately, and the chord- 
stresses found in the complete truss by the addition of the two 
stresses which would co-exist in each panel. Thus one system 
would give a certain compression in B F, the other system a 
compression in D I : the addition of these stresses would give 
the stress in the piece D F. 

It will be found, however, comparatively easy to treat the truss 
as a whole. The bending moments and shears being independ- 
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ent of the type of trass, the two diagrams for these quantities 
will be drawn as usual, and are seen below the truss. The 
ordinates in the first diagram may as well denote chord-stresses 
for a single truss of ten panels, as the bending moments will 
all be divided by the constant height A B. 

When the truss is fully loaded, the counters, represented by 
dotted lines, will be free from stress, and the middle ordinate, 
If ' O', will be the compression in the top chord from I to S. 
As I N carries half a panel-weight, the horizontal component 
due to that amount of load is to be subtracted from the stress in 
I L to give the tension in K N". The stress in G K will be les* 
than that in F I by the amount of the horizontal component in: 
F K ; and so on. Then, let C = compression in any piece of the* 
top chord, such as D F. Let T = tension in piece of the bottom 
chord E G, on the other side of a vertical section at E. Let M = 
bending moment at this joint, and h = height of truss. Taking 
moments about the point where the diagonal crosses E F, 

C . ^^ + T . i A; = M, or i(C + T) = M H- A;. 

As M -^ i = ordinate E' F', it is evident that T must fall short 
of E' F' by the amount that C exceeds it. 

Hence follows the rule : Project O' horizontally to T', and lay 
off T' L', the intercepted portion of the vertical that is below L', 
at L' U'. K' TJ' will be the stress in K N, and also in F I. Pro- 
ject U' similarly to Y' ; lay off Y' V at I' W ; and so proceed as 
indicated in the figure. 

It will now be found, from the properties of the parabola, that 
the distances so spaced off increase in arithmetical proportion 
from the middle to the end, and that the distance A' B' is the 
first subdivision of the end vertical of § 28. Hence : Draw a 
straight line from B', through N', to the other end of the figure ; 
the ordinates from the vertices of the equilibrium polygon to 
this line will give the chord-stresses, those on the left of the 
middle belonging to the adjoining panels of the lower chord on 
the side next the middle, and those on the right belonging to 
the adjoining panels of the upper chord on the side next the 
abutment, as marked. 
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56. Stresses in Diagonals and Verticals. — Turning our 
attention to the shear diagram, we see that the shear in the first 
panel, A C, is equal to <?/, the ordinate below the middle of 
this panel, and that this shear must be divided between the 
two ties in this panel, B C having a little the larger portion, as 
the set of trussing to which it belongs has one more loaded 
joint than the other system. When B C is strained to its maxi- 
mum, the load must cover the whole truss, including the joint 
C : therefore the counters will not be in action, and I N will 
have a stress due to one-half the load at N. To this vertical 
component as it passes through G D will be added the load at 
G, the corresponding load at R being carried to the other abut- 
ment ; then the load on G D must pass through B C, and, in 
addition to it, the load at C, making the vertical component oi 
the tension in B C equal to two and one-half panel weights. 
Since there are ten panels in the span, this amount is one- 
quarter of the entire weight of the truss and load. As a ^ 
represents one-half of the same combined weight, divide a 6 at 
its middle point c?, and project d horizontally to u ; then a dj 
db^ OT c u^ will be the shear in B C, and uf must be left for 
BK 

When we pass to the next panel C E, the total shear will be 
e f, distributed in B E and D G when the load extends from T 
to E inclusive. But the removal of the load from C can pro- 
duce no effect on B E : hence uf will still be the shear in B E ; 
and, if uf is laid off at g v, v i will be the shear in D G. Thus 
all the CO istruction necessary is, bisect the end vertical a 6, 
lay off by scale or parallel lines the upper half at the bottom 
■of the next ordinate, then the upper portion of that ordinate 
at the bottom of the next, and so on, when the two portions of 
each ordinate wUl be the shears in the two diagonals in the 
panel whose middle it occupies, the lower portion belonging to 
the lower diagonal, and the upper portion to the one above. 
By drawing lines parallel to the ties, the stresses in them are 
obtained. The verticals carry the stresses of the diagonals 
which rim to their upper or unloaded ends. 
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! 57. Inclined End-Posts. — Fig. 21 shows the usual modifica- 
ticn of the ends of this truss. Such a change introduces a 
certain though generally trivial indetermination in the calcu- 
lation of the stresses : it arises from the fact that the weight 
at W, conveyed to X by the tension rod W X, may be classed 
with the system of weights which affect X R, R S, S N, &c., 
or with X U, U V, V P, &c. If we use the shear diagram of 
Fig. 20, or imagine the truss of that figure to be modified at the 
ends, we see that the shear in T X will be <?/. The total shear 
in the next panel U W will be e i. The rolling load previously 
at W has been removed for maximum shear in the panel U W, 
4ind hence there is a doubt whether its removal has affected 
X U, X R, or both. If it belongs with the weights at R, N, 
4&c., the previous analysis for shear is correct, and ev will 
belong to X U, while v i will be the shear in X R. If, on the 
other hand, it belongs with the weights at U, P, &c., X R will 
have a greater stress, and X U a less, than just given. When 
the panel weight of rolling load v/ was removed from W, the 
reaction at T was, for this example, diminished by . 9 w\ and 
at A by 0.1 1/; therefore the shear in X U, on the second sup- 
position, will be e V — . 1 1/, and in X R will be v i + . 1 «/. 
The alternate points v, w^ &c., will therefore move down and 
up by this constant amount; and the indeterminateness lies 
within the amount w' -r- N, where N = number of panels. The 
stress in T U will be given by the first ordinate, C D'. 

What portion of the shear in X U this change affects may be 
Rcen as follows ; liw =• panel weight of steady load, b d=:^ab 
= (? M = i N (w + w% cf = i(lJ — 1) (w + v/^, ev = uf 
= cf — c w = (i N — I) (w^ + «^) ; then the shear in X U may 

be altered to (i N — J) (w +«/) — ^. The variation in amount 

will not usually be more than one or two tons, changing the 
cross-section an almost inappreciable amount. 

58. Odd Number of Panels. — If this type of truss, Fig. 22, 
has an odd number of panels, the method of finding the stresses 
in the chords will not be changed ; but it will be noticed that 
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K Ny the middle panel of the lower chord, has the same amount 
of stress as exists in F V. By referring to § 43, Fig. 16, the 
change in the moment or chord-stress diagram wiU be seen, and 
the analysis may be conducted as usual. When we turn to the 
consideration of the stresses in the diagonals, we find that when 
the whole truss is loaded, and consequently the ties in the 
middle panel as well as the rest of the counters are not in 
action, each system of bracing has the same number of loaded 
joints. The shears in B C and B E in the first panel must then 
be equal, and each will be one-half of the ordinate for that 
panel. If the rolling load is removed from C, it first appears 
that the subtraction of the shear in B £ from the ordinate for 
shear belonging to the second panel will determine the 
remainder to be carried by D G ; for the system of weights 
E K N R has not apparently been disturbed. But the removal 
of the weight from C carries the centre of gravity of the 
remaining weights on the system C G P S to the right of the 
mid-span, and hence brings into action one of the dotted 
diagonals. As those diagonals which cross the middle connect 
loaded joints of alternate systems, the distribution of the shear 
in the two diagonals of any panel is rendered indeterminate 
between certain limits. 

To illustrate : Remove the load from C, and suppose that the 
stress in B E is unchanged. The shear in B E will then be 
2 (w '\' «/), if w; = steady load, and v/ = rolling load per joint. 
The shear in F K will he w + w\ and the load at K will then 
reduce the shear to zero, so that no counter is needed for this 
system. Passing on, we should have 2 (w -}- uf) in R U also. 
Again : as the reaction at A must be 4 t^ + 8-J ^y, the shear in 
B C will be 2 w; -|- 1^ «/, in D G tf^ -f- 1 J vf; and, on passing G, 
the shear is \ v/^ which must pass through I N : then we shall 
have w '\- %w' in N V, and 2 w ■\- \%vJ \xi ^ U; which does 
not agree with the previous deduction. If, on the other hand, 
we start from T with a reaction of 4 e^ + 3f z/, and suppose 
that 2(w ^ e/) passes through R U, 2 ^^ -j- 1| u^ is left for U S. 
The diagonal W P will then carry «^ + f w'; and, on passing P, 
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the shear changes to — -J i«/, which must, therefore, go through 
P L The shear in F K becomes w + 1^ w\ and in B E 
2 w + 2^ w\ which is greater than before. We may, therefoi^e, 
have the counter I N or L P in action as soon as a load is 
removed from C ; and B E may, on one supposition, carry more 
than when C was loaded> The total shear in any panel will 
remain the same ; but the distribution of a small portion between 
the two ties will be in doubt. An odd number of panels for a 
double-system truss is not desirable on this account. The two 
possible ways may be provided for by a sufficient cross-section 
of the pieces in question. 

59. Donble Triangular or Warren Truss If the truss 

of Fig. 24: is taken as a whole, it may be discussed as was the 
double quadrangular truss of § 55 : an equally short method 
for finding chord-stresses can then be substituted for the de- 
tailed treatment. When the truss is fully loaded, the tie L N, 
which runs from the middle loaded joint N, will have a shear of 
one-half a panel weight. This shear will also be found in the 
strut L G ; and, after passing the point G, it will be increased 
by the additional weight at that point, the shear in F G and 
F C being one panel weight and a half. In the other system 
the central trapezoid I K P S is in equilibrium under the weights 
at K and P ; so that K O and O P have no stress, and the shear 
in I E and I E is one panel weight. In D E and D A there 
will be a shear of two weights. If we draw the usual polygon 
for chord-stresses. A' D' F' O', &c., we see, upon taking moments 
about N, that W O' is the stress in L Q. If a section is made 
at L, and moments taken at that point, we also find, since K O 
has no stress, that the tension in K N is K' L^ The difference 
between K' U and W 0\ or O' U, must be the horizontal 
component of the stress in L N, or the horizontal component 
due to a shear of half a panel weight. As all the braces, strata 
or ties, slope at the same angle, the horizontal components of 
their stresses will be simple multiples of O' U. The difference 
between the stress in L O and that in I L will be due to the 
two horizontal components in L N and L G ; likewise, in the 
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bottom chord, the stress in £ G will be less than that in G K 
by the sum of the horizontal components in LG and FG. 
The compression in L O having been determined as W 0\ and 
the horizontal component of the stress in L N having proved 
to be O' U, subtract 2 O' U from W 0\ or make L' U' = O' U, 
to obtain K'L'', the compression in IL. The stress in FI 
will again be diminished by reason of the action of I E and I E^ 
or by 4 O' U. From the well-known property of the parabola, 
if O' U is the distance that L' is vertically above O', F is four 
times that distance above O'. As twice O'U has been sub- 
tracted already from N' O', to subtract 6 O' U it is necessary 
to make T I" = 2 O' U, and G' F' will be the compression in 
F I. To get the stress in D F we must again subtract 6 O' U, 
or 12 O' U from O' N'. From O' to F verticaUy being 9 O' U, 
make F F' = 8 O' U, and E' F'' will be the compression in D F. 
In the same way, 8 O' U must be again deducted upon passing 
the jomt D, or D' D'' = 4 O' U. 

For the bottom chord the stress in K N was found to be K' L\ 
The tension in G K will be less by the horizontal component of 
I K or 2 O' U. As O' U has been subtracted in going from O' 
vertically to L', and as the whole vertical distance to I^ is 
4 O' U, to subtract, m all, 8 O' U from N' O', brings us to F', 
a distance V I"' = O' U, below I'. Passing G, we must sub- 
tract 4 O' U, 01^, in short, add 2 O' U to E' F', making E' F"' = 
tension in E G. Without elaborating further, we have the 
rule: — 

Set off, inside the parabola, once, twice, thrice, &c., the dis- 
tance which O'N' exceeds K'L' on the successive ordinates 
from the middle, at U\ F, F^', &c., and outside the parab- 
ola, at I'", F'", D'", and B', commencing on the second ordinate 
from the middle. The inside points will determine the upper 
chord-stresses, and the outside points the lower chord-stresses. 
The accuracy of the construction will be checked by C D" and 
A' B', heu\g respectively the horizontal components of the 
stresses in B C and A D. As in § 55, so here, a line drawn from 
N', Fig. 24, to B', the first point below A', will cut oflf the 
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ordihates for upper chord -stresses, and one through P', parallel 
to B' N', will limit the ordinates for lower chord-stresses. 

The construction of Fig. 24 may also, be made as follows: 
Draw L'U, F V, F' W, &c., horizontally across one panel; lay 
oS O' U at U V and T F' ; lay ofif V V at F F and F' F'^ ; 
And so proceed to the close. 

The distribution of the maximum shear between the two 
•diagonals of each panel is easily obtained. One of the two 
systems into which the web members may be divided, having 
•one more loaded joint than has the other system, will carry one- 
half the entire weight of one truss. For example, the truss of 
Fig. 24 has ten panels ; the system B C F G L N, &c., has five 
loads : hence, when the truss is fully loaded, the shear in B C 
ivill be one-half of the end ordinate; and, if this half is pro- 
jected upon the ordinate in the middle of the first panel, the 
xemaining portion will be the shear in A D. If the load is 
ijvithdrawn from C only, the shear in D E, which belongs to the 
system not connected with C, cannot be disturbed, and must 
be equal to the amount just obtained in A D. Deduct this 
^imount from the ordinate for the panel C E, and the remainder 
will be the shear in C F, Thus the operation is the same as in 
finding the vertical components of the stresses in the diagonals 
-of the double quadrangular truss, § 55. Some pieces in the 
middle portion of the span will be subjected to alternating 
stresses of tension and compression, as in the single triangular 
truss. 

If the load is upon the upper chord, the chord-stresses wiU 
•change from one chord to the other, and the diagonal stresses 
from one diagonal to the other, all in the same panel ; the 
^change being one of amount and distribution, not of kind. 
That the stresses are changed arises from the fact that a load 
on a joint, when shifted from one chord to the other, is also 
moved laterally in its own system half a panel : in other words, 
the two systems change places. 

\/60. Lattice Oirdms. — Multiple systems are used in the 
^liangular type of truss in riveted bridges, when the diagonals 
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are frequently riveted together at intersections, and a lattice 
girder is produced. It is probable that such connection of the 
diagonals causes more or less distribution of stress from one 
web member to another ; and the compression members, being 
stayed at frequent intervals, may be much more slender than 
would otherwise be possible. Although the several systems of 
Fig. 26 may be distinguished, and the stresses carefully deter- 
mined, riveting of the diagonals to one another destroys the 
accuracy of such discrimination; and hence the assumption 
which is commonly made — that the shear at any section will 
be equally distributed over the pieces of the web cut by the 
section, and that the chord-stress in any panel will be found 
by dividing the bending moment at the middle of that panel 
by the height of truss — does not materially err from the truth. 

For while it will be noticed, that, in such a truss as the 
quadrangular, the stresses in the two opposite chord-pieces of 
the same panel differ materially, — in fact, by the amount of the 
horizontal components of the web members in the panel, — it will 
be seen, that in the double triangular truss, and also in the 
lattice girder, the horizontal components of the stresses in the 
strut and tie diagonals in any panel partially neutralize one 
another, thus bringing the opposite chord-stresses more nearly 
to an equality. Thus in Fig. 24 the compression in F I is 
G'F, and the tension in EGisE'F''. They do not differ 
greatly from one another, nor from the ordinate at the middle 
of the panel : hence, as the number of systems increases, we 
approach the plate girder, where the two flange-stresses are 
equal at a section, and the shear is uniformly distributed over 
the section of the web. 

The verticals shown in the figure are introduced at more or 
less frequent intervals, partly to distribute the moving load 
between the upper and lower chords, but more particularly to 
form, with the struts of the lateral bracing at top and bottom, 
stiff frames to resist lateral distortion. Gusset-pieces also may 
be riveted in the interior angles between these verticals and the 
lateral struts. 
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61. Effect of Iiocomotive on Double System. — ^The dia- 
grams for engine excess, which were used in Fig. 11, § 33, may 
be added without difficulty to those for trusses with double 
systems of bracing. The shear in any panel from this extra 
weight is properly considered as coming upon that diagonal 
which runs to the joint thus heavily loaded. When the panel 
joints are so near together that it seems more wise to place a 
portion of the engine excess on each of two adjoining ones, an 
inspection of Fig. 10 will show that the maximum ordinate at 
■each joint in succession will belong to the diagonal which 
sustains that joint, although this maximum is somewhat less 
than the other. 

"When two locomotives are called for, at the head of the train, 
two excess loads may be used at the proper distance apart. It 
has been found, in applying this treatment to some double 
quadrangular trusses, that the two excess weights were approx- 
imately three panel lengths apart. As the weight thus influ- 
enced separate web systems, the curious result was obtained that 
two locomotives at the head of a train caused no larger web- 
stresses than did one. 

The analysis of stresses arising from definite wheel loads ap- 
plied to trusses with double or multiple w^eb systems becomes 
very complicated and unsatisfactor3\ Such a distribution of 
given weights with given spacing is very frequently specified, 
and the difficulty of a satisfactory analysis, added to the measure 
of indeterminateness of web-stresses, already referred to in some 
of these trusses, has led to the adoption of other designs for long 
spans, such as Truss YII., Plate II., or similar designs of vary- 
ing depth, like what is known as the Pettit Truss. 

The method of finding bending moments and shears, and 
hence chord and web stresses, for definite concentrated loads on 
any truss, was explained in §§ 53 and 54. The analysis of trusses 
whose chords are not parallel will be taken up in the next 
ohapter. 

Notes. — If the panels of the double Warren girder of Fig. 24 are long, and 
Jthe web members are riveted or fastened together where they cross one another, 
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short intermediate verticals may be added to reduce the panel lengths, as wa» 
done in changing Truss III., Plate II., to Truss VII. The analysis of such a 
modification of the double Warren girder can be made under the principles 
already laid down. 

In designing bridges of long span it is not uncommon to treat the horizontal 
trussing, which carries the wind pressures to the points of support, as if it were 
subjected to a moving load equal to this wind pressure, advancing across the 
span. Such an analysis is based on the view that the strongest wind pressures- 
come in gusts, are more or less local or of limited extent, and that therefore 
they may not be distributed over the whole span. Such a treatment, as it gives 
larger shears in the panels of the horizontal trusses, errs, if at all, on the side 
of safety. Many trusses are deficient in strength in their wind and portal 
bracing. 

'Some specifications require that account shall be taken of the additional 
load thrown upon the leeward truss by the tendency of the pressure of the wind 
to tip the cars, and hence to make them press more heavily on one rail than 
the other. Usually such increase in the truss stresses is not computed. 

In some rare cases bridge trusses have been placed in a plane inclined to the* 
vertical. The weight which is applied to the truss will then represent the ver- 
tical component of the actual load in the plane of the truss at each joint. 
The corresponding horizontal component must be provided for by another truss;, 
or, if small, it may be carried by the resistance of the loaded chord to lateral 
flexure. In the latter case the maximum intensity of stress in that chord, 
resulting from the combination of direct stress and flexure at any section, should 
not exceed the safe unit stress., For an example, see the Transactions of the- 
American Society of Civil Engineers, December, 1890. 

A railroad bridge is sometimes located on a curve. In such a case the track 
approaches one truss at the middle of the span and the other truss at its ends. 
The trusses must therefore be farther apart than is ordinarily the case, not 
only to clear the curve, but to allow for the cant of the cars. The several 
transverse beams of the floor will, at most panel joints, be loaded eccentrically 
and at different points. Hence the loads thrown on the panel joints of the- 
truss will vary, even when the same weight is assumed to be on each floor-beam. 
If the effect of centrifugal force or of the oblique pull exerted on the cars is- 
considered, the problem becomes more complicated. 

The trusses of a highway bridge, supporting a roadway and two outside side- 
walks, will each have the maximum loading when the roadway and adjacent 
sidewalk are loaded, and will have the minimum loading when the opposite 
sidewalk alone is loaded. The transverse floor-beams will have maximum posi?- 
tive bending moment when the roadway alone is loaded, and minimum positive 
bending moment when the load is on the sidewalks only. The maximum nega- 
tive moment on the floor-beam occurs at its points of support whenever the 
adjacent sidewalk is loaded. 

When a certain unif orndy distributed load and an alternative concentrated 
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load are prescribed for a highway bridge, it will be found that the stringers, and 
often the floor-beams, must be proportioned to carry the concentrated load, but 
that the trusses will have the greatest stresses under the uniform load. 

The outside or safety stringers of the floor of a railroad bridge cannot be 
considered to relieve the track stringers of any material portion of their load, 
unless the former are nearer the latter than half of the gauge. Practically, 
therefore, the track stringers should be designed as if the outside stringers were 
absent. 



CHAPTER V. 

TRUSSES WITH INCLINED CHORDS. 

62. General Remarks ; Effect on Chord-Stresses. — While 
the determination of tlie stresses in a truss with inclined or 
curved chords is not quite so simple a matter as where the 
chords are parallel, no particular difficulty will be experienced, 
if, as with parallel chords, the members are considered to be 
jointed at each intersection. Take, for example, the truss 
represented by A B C D, Fig. 30. The span and the load are 
the same as those of the truss. Fig. 6, before described. The 
bending moment at each joint, and the shear in each panel, for 
the truss as a whole, will be unaltered, and the diagrams of Fig. 
6, therefore, will apply here. In many practical examples one 
chord or the other is made straight throughout its entire length ; 
but both are inclined in this case for a general illustration. 

The maximum bending moment at any joint will then be 
obtained by multiplying the proper ordinate of the equilibrium 
polygon. A' F' V K' D', by H from the stress diagram ; and this 
moment must be equal, by the theorem of moments and by 
what has been previously said, to the stress in the proper chord- 
piece multiplied by the perpendicular from the origin of mo- 
ments to that piece of the chord. As this perpendicular is 
not always a convenient quantity to use, and will not be the 
same for the two chord-pieces in the same panel, it probably 
will be better to substitute for the product just mentioned the 
equal product of the horizontal component of the stress in the 
chord multiplied by the height of the truss at the joint in ques- 
tion. That one product is equal to the other is easily seen, if 

78 
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we notice that the forces and lines referred to are respectively 
base and hypothenuse of two right triangles whose sides are 
perpendicular to one another. From the horizontal component 
may be obtained the stress itself by multiplying the former by 
the ratio of the length of the inclined piece to its horizontal 
projection ; that is, by multiplying by the length of the inclined 
chord in the panel, and dividing by the horizontal distance 
between panel joints. If we call the length of a panel hori- 
zontally a, and the difference of level of the two joints in the 
same chord 5, we may multiply the horizontaiL component above 

by 



v/('+S. 



-and we shall obtain the direct stress in that piece of the chord : 
hence, to find the stress in any piece of the chords multiply the 
proper ordinate imder one end of the piece by H, divide by the 
height of the truss at that joint, and multiply by the above 
^expression. 

63. Effect on Stresses in Diagonala — As one or both of 
the chords are inclined, such inclined members are able to and 
must convey a certain portion of the vertical force which exists 
at a section in, any panel. Thus, suppose a vertical plane of 
section to be passed through the panel R F G Q of Fig. 80. 
Neglecting one of the diagonals, as we know that in a good 
design both cannot be strained at once (see § 23, last part), the 
Tertical shear at the section is distributed over the three pieces 
R Q, R G, and F G, all of which are inclined, and therefore 
capable of carrying a vertical component. As the portions of 
vertical force in R Q and F G will be just sufficient to cause, 
when combined with the horizontal components derived from 
bending moments, direct stresses along those chord-pieces, it 
will only be necessary to find those horizontal components for 
such a distribution of load as gives maximum shear in the 
panel, to easily deduce the amount of shear which passes 
through the chords : the balance of the shear will be left for 
the diagonal to carry. 
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For example : To find tlie maximum stress in any diagonal, 
such as R G, the rolling load will be moved so as to cover all 
joints from D to G inclusive (see § 69). The equilibrium 
polygon, reproduced from Fig. 6, is D' K' V Y A!\ and the shear 
ordinate is qf. By inspection of the enlarged sketch of this 
panel, shown on the right, we see that on one side of the plane 
of section, say the left hand, we have the vertical shearing 
force, acting upwards, the horizontal pull, obtained by taking 
moments at R, which acts through F, and the horizontal thrust, 
obtained by taking moments at G, which would act through Q. 
On the other side of the plane of section we find three inclined 
pieces, whose stresses must balance the rectangular components 
on the left side. 

From the equilibrium polygon for the given position of the 
load take G' Q', multiply by H, divide by G Q, and lay off the 
quotient, which is the horizontal force through Q, horizontally 
at /y, Diagram I.^ In the same way, F' R' . H, divided by F R, 
gives us the horizontal force through F, laid off at /a:. The 
vertical shearing force, /y, is plotted vertically upwards at fq. 
Now draw q r from y, parallel to Q R, and limit it by a vertical 
from y. Draw /^r from/, parallel to F G, tiQ it meets a vertical 
through X. Draw the line rg^ and it must be parallel to R G, 
or some error in construction has been made. Thus we have a 
check on the accuracy of our work. By dispensing with this 
check it is necessary to determine only one of the horizontal 
stresses, and then we may draw the other lines parallel to the 
respective pieces. 

64. Stresses in the Verticals. — It remains to find the stress 
in R F, the vertical which joins the unloaded end of the diago- 
nal. The vertical component in G R will not pass unchanged 
in amount through R F ; for R S and R F together will carry 
the vertical components of the stresses in Q R and G R. The 
portion that will pass through R S is definitely fixed by the 
consideration, that, when combined with the horizontal force at 



^ The acale of these diagrams is increased one-half for distdnotxK 
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the joint R due to bending moment, the resultant must be a 
direct thrust along R S. It is, however, unnecessary to have 
recourse anew to the equilibrium polygon. Consider the joint 
R. This joint is in equilibrium under the action of four forces 
which meet at that point; and two of them, qr and rg^ have 
just been determined. The two remaining sides of the polygon 
of force are readily drawn. Q R and R G being taken in order, 
draw g t parallel to F R, and t q parallel to R S, to close on q. 
The required stress in R F is, therefore, the compression g t. 
The arrows on this quadrilateral proceed round the figure as 
usual, and show the directions of the stresses exerted on R by 
the several pieces. 

• 65. Remarks. — It may not be amiss to call attention to the 
fact, that, since we may dispense with one of our data, that one 
may be the shear, and thus we may do without the shear 
diagram ; for it will be noticed that the horizontal projection 
of rg is yx^ the difference of the horizontal components in 
the two pieces of the chords in this panel; hence, by draw- 
ing a line from x parallel to R G, we may find the stress in 
R G very quickly. But, as we then have no check on the 
correctness o£ fx and /y, it is hardly advisable to take this 
course. 

The arrows on qr^rg^ and gf^ show that the three stresses 
just determined will together balance the shear, since their 
vertical projection is equal and opposite to it; and that the 
horizontal projection of the . stress in the top chord is exactly 
balanced by the horizontal projections of the tensions in the tie 
and lower chord. The horizontal projection of the stress in 
RS is the same as of that in FG; which result is to be 
expected, from the fact that these two chord-pieces lie between 
adjacent diagonals sloping the same way. The stresses y r, qt^ 
and/^, are those existing, in the pieces to which they refer, for 
the present load; but, as they are not the greatest stresses 
which the chord-pieces must resist, they are of no special value 
here. The maximum stresses were determined in § 62. 

66. Constmction for Horizontal Components. — The por- 
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tion of the figure within the triangle fdy gives a geometric&I 
construction for finding the horizontal components fx and fy. 
For example, since 

G'Q'H 



fy= 



6Q 



draw/ (2 at any convenient angle with the horizontal line; 
make fw = H, /6 = G Q, /(Z = G' Q' ; draw h w^ and, parallel 
to it, draw dy through d. The desired component will be fy; 
for, from similar triangles, 

Similarly, fa = F R, /<? = F' R', and c a?, drawn parallel to a w, 
determines fx. Hex and d y cut the horizontal line at favora- 
ble angles, the values oi fx and/y may be thus obtained quite 
satisfactorily. 

J 67. Stresses when Shorter Segment is loaded. — The 
stresses in G Q and Q I, as well as in the panels to the left of 
the one just discussed, will be obtained by a figure similar to 
the one already described. After passing the middle of the 
span, for example, to the panel P IJ O, the moving load now 
extending from D to J inclusive, we shall have Diagram II. ; in 
which case we use ordinates V P' and J' O^ In this case, i/, 
the stress in the lower chord, nms below the horizontal line ; 
but the method of construction is still the same. It is noticea- 
ble that the inclinations of the chord-pieces I J and P O will 
increase the vertical force transmitted by the diagonal JP 
tawa/ds the abutment A, while the resultant shear is unaffected : 
hence it appears that the stress in any diagonal is increased by 
such an inclination of either chord as tends to make the height 
of the panel, on that side to which the diagonal conveys its load, 
greater, and vice versa. 

After we pass the point where the curve which limits the 
ordinates for shear passes below the horizontal line hc^ the 
vertical for shearing force must be drawn helow the horizontal 
line of these minor stress diagrams. Thus, taking the panel 
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O J K N, we draw, in Diagram III., no^ ok^ and kj^ exactly as 
before. Since no and kj cross, we still have tension in the 
diagonal O K, as shown by the arrows ; and we may also find a 
compression in O J, in case the inclination of O P does not take 
all of the remaining vertical force, or, as seen by inspection of 
Diagram III., if the point v, on n v, does not fall at or below h 
If it does fall below k^ there will be tension in the vertical. If 
we advance one panel nearer abutment D, the moving load 
now resting on D and L only, the panel N K L M will give us 
Diagram lY. On attempting to find the stress on a diagonal 
from N to L, we find, by the necessary direction of the arrow 
on n Z, that a piece N L would thrust against the plane of sec- 
tion. As the diagonals are in this example supposed to be ties, 
we have passed the limit where those sloping in this direction 
are required. A similar set, from D to F, will complete the 
truss. If the truss is deeper at the centre than at the ends, 
the effect of the inclination of the chords is to require more 
diagonals sloping one way than is necessary for a truss with 
parallel chords. 

The several diagrams for stresses in the web members are 
readily combined into one, as is done in Fig. 31, the scale of 
which is also increased one-half: the vertical line contains the 
shear ordinates all laid off from one point h. One additional 
simplification, explained in the next section, condenses the 
analysis of trusses with inclined chords into a very brief con- 
istruction. 

68. Mairimnm Equilibrium Polygon SnfElcieiit — It is not 
necessary to draw the several equilibrium polygons for rolling 
loads covering different portions of the truss when we desire 
to find the stresses on the successive braces. It will be seen, 
that, when the stress upon the diagonal R G of Fig. 80 is 
sought, the ordinates F' R' and G' Q' are used, and that these 
ordinates, although measured to the polygon which terminates 
at A", have their lower extremities at F' and G', points which 
belong as well to the polygon D' V A!. Their upper ends are 
situated upon the line A!' D\ which closes the polygon D' I' A!' 
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lu the same way, for the panel P IJ O, the ordinates V V and 
J'O' are included between D'A''' and the main polygon 
ATD', As all the ordinates will be found to terminate on 
the maximtmi equilibrium polygon, we need draw no other, if 
we can locate D' A", D' A'", &c., by finding the points where 
these lines cut the vertical dropped from A'. 

By referring to § 10 we see that the length of an ordinate 
intercepted between the prolongations of any two lines of the 
equilibrium polygon will be proportional to the bending mo- 
ment at that point due to the weights included between the 
prolonged sides. If, then, a weight is removed from E, Fig. 80, 
the polygon strikes the vertical below A at Aj. The change in 
the bending moment at any point of the span, due to the dimi- 
nution of the supporting force at D, must be equal to the 
product of H by the ordinate between D' A' and D' Aj ; and 
this decrease of moment is all that will be found until we pass 
the whole of the fully loaded portion. The change due to the 
removal of the load from E will be proportional to the ordinate 
between E' A' and E' Ai : therefore the intercept A' Ai must be 
equal to the decrease of reaction at D, multiplied by the span, 
and divided by H. If w'-= rolling load at one panel joint, 
N = whole number of panels, and I = span of truss, the de- 
crease of reaction at D, due to the removal of tJt/ from the first 

v/ 
joint beyond A, is ^^ and the moment of this force about A is 

-=^ : whence the intercept A' Ai must be tttv* 

If the rolling load is next removed from F, the reaction at D 
win be diminished again by twice the previous amount, and 

consequently the distance from Aj to A'' will be 2 ^ ^ ; the 

next interval will be three times the above amount ; and so on. 
Hence, if we calculate the above quantity, and laj* off in suc» 
cession, from A', once, twice, three times, &c., that amount, or 

measure from A' one, three, six, ten, &c., times ^ ^ ^, the points 
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BO determined will be tlie extremities of the closing lines ; and 
these lines, with the maximum eqiiilibrimi. polygon, will supply 
all of the needed ordinates. They have been added to the poly- 
gon of Fig. 30, and the points to which ordinates are measured 
are marked by small circles. They go in pairs, the two on any 
line, on each side of a panel, being the ones applicable to that 
panel. 

^ 69. Rolling Load to extend to the Panel for Maximnm 
Stress in the Brace. — The stress on any diagonal, such as 
R G, will be a maximum when the rolling load extends from 
the abutment D up to the panel, including the joint G, as has 
been previously proved for trasses with parallel chords, pro- 
vided the two chord pieces in the panel, such as B Q and 
F G, if produced towards the unloaded end, do not meet 
before reaching the abutment Then, since moment divided 
by panel height gives chord stress, and since the equilibrium 
polygon for a single load is a triangle with the apex under the 
weight, if a load is added at F, the bending moment at that 
point will be increased more than will the moment at G, and 
hence fx will be lengthened more than the increase of fy : 
hence their difference xy will be diminished, and rg must be 
less. Again : if the load is withdrawn, so that G is uncovered, 
the bending moment at G will be decreased more than that at 
F; so that/^ will be diminished more than fx will be: hence 
xy will again be shortened. 

70. Stmt Diagonals ; Load on Top Chord. — If the diago- 
nals had been struts in place of ties, the diagrams would have 
been constructed with the same ease. In the panel R F G Q, 
Q F would then be the member whose stress was desired : 
moments at Q would give the horizontal component of F G ; 
and moments at F, the horizontal component of RQ. The 
vertical through x would limit q r, and that through y would 
intercept fg. The diagonal would therefore lie in the other 
direction, and give^a compression. The magnitude of the stress 
would not necessMily be the same as rg. The tension in the 
vertical G Q, running to the unloaded end of Q F, would 
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then be found as usual for four forces in equilibrium at the 
joint Q. 

If the load for this truss were on the top chord, instead of 
the bottom as here, in place of finding the tension and com 
pression in R G and R F, we should find them in R G and G Q 
those two web members connecting two adjacent loaded points 
The four pieces which meet at G would then give the desired 
closed quadrilateral, and the change in Diagram I. would be, 
that, in place of drawing q t and g t^ we should prolong fg 
(shown by a dotted line) to meet the vertical through y, and 
the upper intercepted portion of this vertical would be the 
stress in G Q. It is well to notice, that, even with tension 
diagonals, some one or more of the verticals may occasionally 
prove to be under tension in some types of truss. Such pieces 
must be adapted to both kinds of stress. When the stresses 
on the web members are under investigation, it may be found 
convenient to use Bow's method of notation, explained in Part 
I., " Roofs." 

71. Bowstzing Girder. — While the general treatment of 
trusses with incUned chords, which has now been given, wiU 
enable one to analyze any single-span truss of this type, there 
is one form which deserves special treatment, both from the 
frequency of its occurrence, and from our ability to develop 
certain ways of shortening the analysis very materiaUy. The 
type to which we refer is the bowstring girder. In practical 
construction the bow is sometimes, perhaps often, bent to an 
arc of a circle, or the upper ends of the verticals lie upon such 
a curve, while the several panel lengths of the upper member 
are straight ; but in theoretical treatment, and in many struc- 
tures, the bow is a parabola, or a polygon coinciding with the 
equilibrium polygon for a complete load. The parabolic girder 
will now be discussed, and the circular segment will be referred 
to later. It may not be amiss to say, that, when the rise of the 
circular arc does not exceed one-tenth of the span, no error 
of consequence is committed by assuming the curve to be a 
parabola. For results, see § 77. 
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72. Chord^Stresses. — The truss is represented by Fig. 32* 
The first step will be to find the chord-stresses under a full 
load. If we draw the equilibrium polygon for such a load, and 
remember, that, as explained in § 28, the vertices of this poly- 
gon aU lie in a parabola, we shall see, that when we seek to find 
the horizontal force at any joint, by multiplying the ordinate to 
the equiUbrium polygon by H, and dividing by the height of the 
truss at the joint; thf ratio of the ordinate di^ded by L corrc 
spending height of the truss just above it wiU be a constant 
quantity; that is, any ordinate divided by the height at the 
joint in question wiU be the same as the middle ordinate divided 
by the centre height. Hence the horizontal stress mil be con- 
stant in all the chordrpieces^ the lower chord will have a uniform 
tension throughout, and in the upper chord the direct stress 
will increase, from the middle toward each abutment, according 
to the inclination. 

We may find the stresses in the chords graphically as fol- 
lows : Conceive that the equilibrium polygon passes through the 
upper ends of the verticals of the truss; then the ratio just 
referred to is unity, and the stress in the lower chord is H of 
the stress diagram. As the equilibrium curve for a load of 
uniform intensity over the whole span is a parabola which will 
pass through the vertices of the equilibrium polygon for concen- 
trated loads, and as the tangent at the springing pomt of this 
parabola will cut the middle ordinate at twice the height of 
the curve above the base, make D J = D C, and draw A J, 
which, being the tangent, is the direction of the force at the 
beginning of the equilibrium curve. Lay off half the weight 
of truss, and complete rolling load at 3-2 ; draw 2-0 parallel to 
A J ; and 3-0 will be the desired value of H, the stress in the 
bottom chord, and the horizontal component of the stress in all 
parts of the bow. 

The first side of the polygon for concentrated loads will run 
froiw A to E, and will be parallel to a line, which, starting from 
0, cuts off below 2 a distance equal to the half-load at A. 
If, thea, 0-4, 0-5, 0-6, &c., are drawn parallel to A E, E F, F G. 
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6 1, and I D, these lines will be the compressions in the respeo- 
tive parts of the top chord, as they will all have a horizontal 
component H. 

The amount of H may be seen from the figure to be, if 
2-3 =i W^ AB = ?, and CD = *, 

which agrees with the value deduced in § 28. If the pieces of 
the top chord are curved, they will be exposed to a small bend- 
ing moment, equal at tlieir middle points to the direct thrust 
multiplied by the perpendicular from the chord of the curved 
piece to its centre line. 

73. No Stress in Diagonals for a Complete Load; Ten- 
sion in Verticals. — Since the equilibrium polygon may be 
drawn to coincide with the bow, for a uniform load over the 
entire truss there can be no stress in the braces ; for we have 
only to remember what the equilibrium polygon signifies, to see 
that the bow will require no bracing to keep it in place. Or, 
since the stress in the lower member and the horizontal com- 
ponent of the stress in any piece of the bow are equal, their 
difference, the horizontal component of the stress in any brace, 
is zero : hence the stress itself is zero. Or, since the stress in 
the lower member is constant, there is no increment from any 
brace, and therefore no stress in any brace. It is right, conse- 
quently, that all of the verticals should be adapted to convey a 
tensile stress to the bow equal to whatever amount of load may 
be placed at their lower ends. It is also apparent that the 
steady load, being always uniformly distributed, will exert no 
stress on the braces, and may be neglected in their analysis, but 
must be subtracted from the compression which the rolling load 
may cause in the verticals. The assumption of uniform distri- 
bution of steady load is not strictly accurate ; but the increase 
in the weight of the bow per horizontal foot, as we approach 
the abutments, is partially offset by the increase of weight 
per liorisontal foot for the web members as we go towards the 
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txiiddle. One may, therefore, include the steady load, or neg- 
lect it, in treating the braces, with the same result. 

We have proceeded upon the assumption that the diagonals 
are ties, it being the usual and most economical construction 
to put the compression members on the shortest lines; but, 
in case the diagonals are struts, the verticals will always be in 
tension. 

74. Chord-Stresses when Verticals will not transmit Ten^ 
sion. — In case the truss has no verticals, or where the verticals 
are not fastened at their ends so as to transmit tension (a mode 
of construction not to be commended), the weights at the 
loaded points must strain the diagonals on each side ; and the 
stresses in the chords, whUe not varying much from the amounts 
previously deduced, will not have strictly a constant horizontal 
component. The simplest way to show the effect of the absence 
of verticals is to draw the stress diagram of Fig. 83 by the 
method explained in Part I, "Roofs," when the results are 
apparent at a glance. The weight of the bow may properly be 
left out of consideration, as it is practically in equilibrium by 
itself, and is exactly so as far as it is of uniform weight per 
horizontal foot. The horizontal thrust due to the weight of 
the bow and the equal tension in the lower chord must then be 
added to the results of this diagram. While, in any case, where 
there are three members at one joint, each capable of carrying 
the same kind of stress (as, in the bowstring girder of Fig. 32, 
we have two diagonals and a vertical meeting at each lower 
joint, and aU designed to resist a possible tension), the paths 
which the concentrated weight at any joint may take in going 
to either abutment are somewhat doubtful, depending upon the 
cross-section, resistance to extension, and rigidity of attachment 
of the respective pieces, it is most natural that the weight 
should pass up the vertical to the bow ; for in this line it meets 
the most direct resistance or reaction. That is, if we imagine 
the weight to strain all three of. the pieces at once, a slight 
yielding, or extension of the two diagonals, will lower the 
loaded point more than the same amount of extension in the 
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vertical, and hence the weight will be thrown more upon 
the vertical; and as the vertical, being the shortest member, 
will stretch least in total amount for the same stress per square 
inch, the weight will still more be carried by it. Hence the 
assumption, that the verticals carry the load when it is com- 
plete, cannot be far from the truth. 

75. Mazimmn Stresses in Braces. — By deducing a formula 
for the braces, we shall be enabled to prove a very short con- 
struction for obtaining the desired stresses. In finding these 
stresses, we will avail ourselves of the fact that the horizontal 
projection of the stress in a brace must equal the difference of 
the horizontal forces in the two chord-pieces of the panel in 
which the brace is situated ; and we will prove that this hori- 
zontal component is a constant quantity when the brace expe- 
riences the maximum stress. If the steady load is neglected at 
present, the polygon A E f G I D B may represent the equi- 
librium polygon for a complete moving load. If the sides F G^ 
G I, &c., are prolonged until they intersect the vertical through 
A, the points K, L, M, &c., will be the extremities of the equi- 
librium polygons for partial loads, extending from B to th6 
successive joints. The distance A K has been proved, in § 68, 

to be tttm' "^^^^ ^ = travelling load on one joint. As H will, 

by § 72, equal g t , the value of 

a quantity evidently independent of v/^ since it is obtained by 
construction from the bowstring girder itself. 

If n represents the number of any panel and of any vertical 
from A, any distance A L or A M, intercepted on the vertical, 

will be seen, from § 68, to equal Vl2^1 ~ ^ • The height of 

any ordinate, P R, from the base line A B to the closing line 
B L of a particular polygon, will then be 

n(n — 1)4 ifc (N — n) 

IP ^ 
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In the panel S G I R the stress in S R, if G R is the tie in 

Action^ will be -^^ * H, and the horizontal force in G I will be 

IP ^^ 

j^ • H. As the horizontal force in the piece of the bow exceeds 

that in the lower chord for the same panel, the desired differ- 
ence of horizontal force will be 

/IP G Q\ TT _ /IR--R P GS — SQ\„_/SQ R P\ „ 

As D C = i, any ordinate numbered n from A = .=-5 (N — 7i)n: 

I R is the nth ordinate, and G S is the (n — l)st ordinate, when 
S R is the nth panel. The above expression becomes, by sub- 
stitution, 

f n (n — 1) (N — n + l) _ n (n — l) (N — n) T 4 A; N» tt — ^— «^' 
L (N — n + l)(n — 1) OS-^n)n J W ¥k S'^Jk* 

which is a constant quantity. 

If, then, we construct a parabola divided into N panels, each 

— ^ long, the entire span being H for rolling load, and the 

height proportional to the height of the original truss, or if, in 
other words, we draw the truss anew to this altered scale, the 
diagonal lines will be parallel to the diagonals of the truss, and, 
having the required constant horizontal projection, will be the 
•desired tensions in those diagonals. The required middle ordi- 
nate of the parabola will be obtained by the proportion 

^•*"^"8ifc 8"' 

or it is one-eighth of the entire travelling load. All of these 
values may be obtained, but with more labor, by the general 
method. 

This truss is drawn below the original truss in Fig. 82, and 
is lettered in small type to indicate the stresses in the respective 
diagonals. It will be seen that diagonals sloping each way are 
required in all panels; that the diagonals in the middle of the 
span have the most stress ; and that all diagonals whish have 
the same vertical height have the same maximum stress. 
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76. Stresses in the Vertica]& — An inspection of the dia- 
grams of Fig. 80 shows, that, since the bottom chord of the 
bowstring girder is horizontal, the vertical which transfers the 
stress from the diagonal to the first lightly-loaded joint carries 
all of the shear from that panel except what is taken by the 
upper chord in the next lightly-loaded panel. If, then, we find 
the horizontal component of the stress in that piece of the chord 
and the shear, we can draw our diagrams. In the first place, it 
is apparent that the horizontal component of the stress in F G 
is the same with that in S R. From the last section, the hori- 
zontal component in S R = 2^ H = /l — L§\ H. By in- 

spection of the value for the ratio ^^ written above, and 
cancelling factors, we get 

Horizontal component in F G = ( 1 — » j H. 

If we draw a horizontal line from F to meet G S, we see that 

Vert. comp. in F G: hor. comp. inFG = GS — FT:«. 

G S being the (n — l)st ordinate, and F T the (n — 2)d ordi* 
nate, 

GS-FT = "[(N-n + l)(n-l)-(N-n + 2)(n-2)j 



IP 



= ^(N-2n + 3): 



therefore 

Vert comp. m F G = A— ")J^H!J . ^ (N— 2 n-fS) ^ 

2^^ 

As the travelling load alone is now under consideration, the 
shear on the left of the loaded portion vrill be cc nstant, and 
equal to the reaction at A, which is 

(N — n)t(/(N — n + 1) 

2 N 
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The amount of compression in the vertical Gr S will be the shear 
in the panel S R minus the vertical component in F G, or 



^t(/(N--n + l-N + 2n-8) = (^""^n'*""^)t(/. 



N — n 
2 



As G S, by our notation, is the (n — l)st vertical, the compres- 
sion in the nth vertical will be obtained by writing (n -f- 1) for 
ft, or 

Compression in nth vertical = ^""^Ty ^^'"^^ uf 
_(N — n)n . N — 1 , 

The height or rise of our parabola for stresses in diagonals 
was found to be — ^— • The nth ordinate of this parabola will 

be y ' ^, (N — n) n = ^^'^^ ^ «/; and the first ordinate, 

when n = 1, is ^ ^ «/. We see, therefore, that, if a horizon- 
tal line is drawn through e at the height of the first ordinate 
above the base, the remaining portion of each vertical above 
this line will be the compression from travelling load upon the 
corresponding vertical of the girder. Another horizontal line, 
w' A', at an altitude above the one just drawn of the steady load w 
at the foot of each post, neglecting the weight of the bow, as 
before stated, will cut oflf the stress of tension due to the steady 
load, and the remainder wiH be the maximum compression in 
each vertical. The result is, that the first vertical is never 
compressed, but has a tension of w -{-v/ ; the second vertical 
wiU not be compressed unless w is less than the difference 
between the first two verticals of the stress parabola ; and the 
remainder are compressed, except, again, the last two. 

77. Recapitulatioxi. — These constructions are aU found in 
Fig. 32, and may be briefly summed up as follows : Having con- 
structed the skeleton A D B of the truss, make D J = C D, and 
draw A J, the tangent to the parabola at the abutment. Lay 
oflf 2-8 vertically, equal to one-half of the weight of truss when 
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fully loaded, and divide it, at 4, 5, . . . 8, Lito panel weights 
beginning and ending with a half-load. Draw 2-0, parallel to 
J A, to meet the horizontal line 3-0 : 4-0, 6-0, &c., are the 
stresses in the pieces A E, E F, &c., of the bow; and the stress 
in the bottom chord is 8-0. The value of 8-0 can be checked 

by the formula x , . Draw the truss anew to a different scale, 
the panel length being ™-, or the span = , and the rise 

<• (J = — Q-— The diagonals will be the tensions in the corre- 

o 

spending diagonals of the truss. Draw u^ V horizontally at a 
distance « w' = one panel weight of steady load minus one panel 
weight of bow : the ordinates from this line to the bow will be 
the stresses in the verticals, — compression when above the 
horizontal line, tension when below. \i V V \s^ maximum load 
which can come on each lower joint, it equals possible tension 
in each vertical. 

78. Triangnlar Bracing. — It is not uncommon to introduce 
the arrangement of bracing shown in Fig. 34 into the bow- 
string truss. The chord-stresses may then be most readily 
obtained by the method employed in Fig. 38, when, as there is 
but one system of braces, the small parallelograms ah dc^ &o., 
due to the intersections A B D C, &c., will disappear. An 
adaptation of the construction for diagonal stresses in Fig. 82 
will probably give the alternating compressions and tensions in 
the diagonals, so fajr as they are due to travelling load ; and to 
these stresses may be added algebraically that fraction of the 
diagonal stresses previously obtained in the chord-stress dia- 
gram, which is properly due to steady load. It is hardly expe- 
dient to take up space with a detailed analysis : any reader who 
is specially interested in such a type of truss can, from the gen- 
eral methods already laid down, elaborate a set of diagrams for 
himself. If the bow is spaced off into pieces of equal length, 
the stresses on the various parts will be modified by the change. 
As the method of Fig. 80 applies to any of tliese trusses, it will 
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doubtless be satisfactory when required for occasional use 
Any special method which is not so simple as to be readily 
recalled^ but which must be reviewed whenever it is needed for 
use, will only be valuable to those, who, from frequent neces- 
Bity, can keep it freshly in mind. 

79. Bowstring Qirder with Circiilar Bow. — The same gen- 
eral remarks apply to the girder with a bow in a circular arc. 
As the ordinates to a circular arc from the chord of the arc are 
not expressed in any simple terms of the span and rise of the 
truss, and as these latter quantities have no fixed ratio, it is 
doubtful whether any short construction can be devised for find- 
ing the web-stresses. The general method is perfectly appli- 
cable. Special care is necessary in drawing the lines parallel to 
the pieces of the chord in Fig. 31, because they are many of 
them long, and a slight inaccuracy would affect the ascertained 
magnitude of the stresses in the braces. Good results can be 
obtained with the girder of the present section, since the effec- 
tive lines of all the pieces of the bow are perpendicular to radii 
drawn to their middle points, and hence their directions can be 
accurately ascertained. A similar precaution applied to the 
parabola, of drawing tangents or long chords, will give the 
direction of the pieces of the bow closely. When the girder 
with a circular bow has a comparatively large rise, the web 
stresses do not, as in the parabola, increase from the abutments 
to the middle. As the bow will not be in equilibrium under 
a load distributed uniformly horizontally, the steady load wiU 
affect the braces, and must be taken into account in that con- 
nection. 

80. Gteneral Remarks. — In some cases these trusses are 
inverted, as in Fig. 85, making the suspended bowstring truss. 
And, where the locality permits, that form of truss offers some 
theoretical advantage: the compression members will occupy 
the shortest lines, the bow will resemble a suspension-bridge 
cable, and the truss, being in stable equilibrium, will require 
but moderate lateral bracing in a vertical plane. Occasionally 
a designer is tempted to draw normals to the curve of the bow 
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in place of verticals from the joints of the horizontal member: 
such an arrangement is of doubtful utility in the parabolic 
girder, which is in equilibrium under vertical forces distributed 
uniformly per horizontal foot. The circle being a curve of 
equilibrium under normal forces, of uniform intensity along the 
arc, such a construction may be more defensible for a circular 
bow. It may also be advantageous, for constructive reasons, to 
have all the pieces of the circular bow of one length. Verti- 
cals will then divide the chord into unequal parts, shortest near 
the abutments : normals will also divide the chord into unequal 
lengths, shortest at mid-span. The change thus produced in 
the magnitude of the load at each joint must be regarded. In 
a few instances both chords have been parabolas or circular 
arcs, with the convexity turned opposite ways. The analysis 
would present no diflSculty. 

All iron trusses should have roUers, or other means of move- 
ment, at one abutment, to aUow for elongation and contraction 
under changes of temperature. 

81. Extent of Continnons Load to produce Mairimnm 
Stress in a Diagonal of any Truss. — In determining the 
maximum stress in any brace of a truss, we have supposed that 
the rolling load extended from one abutment to the panel in 
question, and it was proved that such a disposition of load gave 
the greatest shear in the panel. It is manifestly impossible, 
however, to so dispose a continiums load that one panel joint 
shall sustain a full panel weight of moving load, while the next 
joint in advance carries none ; for the load which comes on a 
joint must be thrown upon it by the floor-timbers or track- 
stringers on one or both sides ; and, as soon as the head of the 
load advances beyond any joint, the next joint beyond begins 
to carry something: therefore no joint can be fully loaded 
until the load has covered the panel beyond. The shear in 
that panel, then, can never be quite so large as the usual as- 
sumption would make it : the results previously obtained will 
err a little on the side of safety, and the treatment is defensible 
on that account. Loads imposed by railroad-trains are not oon* 
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tinuous, but are concentrated on the wheels. How far apart 
these may be, will depend upon the train : in one extreme we 
have coal-cars, and in the other palace-cars. In some cases the 
loaded points may be a panel length or less apart; in many 
cases they are distant more than a panel length. With con- 
tinuous, uniform load the customary assumption is that of loads 
concentrated at panel joints, and the first loaded joint completely 
loaded, as we have treated it. 

The treatment, where wheel-weights are prescribed, has been 
given in §§ 53, 54. 

For a further discussion of uniform loading, see Appendix. 

82. Construction for Web-Stresses. — If in Fig. 27 the 
forces Tj, T„ T„ and F are in equilibrium, the resultant of T, and 
T, will act through their point of intersection B ; the resultant 
of T, and F will act through A, the point of intersection of the 
latter pair ; the two resultants must then be equal and opposite, 
and act in the line A B. Therefore, if four forces, not parallel, 
are in equilibrium, the resultant of any two of the forces must 
be equal and opposite to the resultant of the other two, and 
must act in the line joining their respective intersections. If 
the lines of action of all of the forces are known, as well as the 
magnitude and direction of one of them, the kind and value of 
the others can be found. The above principle can be usefully 
applied for finding the web-stresses in trusses of variable depth, 
especially when the loading is concentrated at intervals. 

Let A D, Fig. 28, represent a portion of a truss, such as that 
above Fig. 29a, known as the Pegram truss, with the engine in 
the position to give maximum shear in the panel B C, as deter- 
mined by the process previously explained in § 53. The equi- 
librium polygon for the given loading, in the above position, will 
be A' C D', the horizontal distance from C to A' being equal to 
A C, and A' T>' subtending a horizontal distance equal to the 
span. Draw a chord from C to B' and prolong it to meet A' D' 
extended at the point F'. The chord C B' is the side of the 
equilibrium polygon when the weights in the panel B C are dis- 
tributed to B and C by the stringers acting as beams, § 48, and 
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the point F' lies in the action line of a resultant force which has 
the same moment about C, as actually exists there, § 10. The 
maximum shear to the left of C may then be considered to act 
at F', and the existing shear and bending moment will be pro- 
vided for. Make C F equal to the horizontal distance from C 
to F', and lay off the maximum shear in B*C at F I, in the 
direction proper to its sign. 

To find the stress in £ C, imagine a vertical plane of section 
passed through E D, E C, and B C. As E D and E C meet at 
E, and B and the shear F I will intersect at F, E F will be the 
action line of the resultants of each pair of forces. Draw I K 
parallel to B C, giving F K as the resultant of F I and the force 
in B 0. Make E L equal to F K. Prolong D E, and, to meet 
it, draw through L a line parallel to E C. Then will E N and 
N L be the components at E, and N L will be the desired ten- 
sion in E C. The arrows denote the direction of action in the 
pieces cut by the section, on the right side of the same, to bal- 
ance the upward force F I on the left. 

For the piece B E, pass the imaginary vertical plane of section 
through that piece. B C cuts F I as before ; B E and G E again 
meet at E. Prolong G E, if necessary, and draw through L a 
line parallel to B E. This line L P will be the compression in 
B E. Or, one may find the two unknown forces at E in G E 
and B E, after those in E D and E have been found, by 
completing as usual the figure E N L P. 

This construction, devised by the late Prof. 0. A. Smith, 
attains the same results as does the one of § 63, but there is no 
contained check on the accuracy of the work. It will be seen 
that, by this employment of the equilibrium polygon, three 
unknown forces can be determined at any section. 

Thus Figs. 29a and 29b may be used to find the stresses in any 
truss with single system of bracing. The maximum ordinates 
in Fig. 29b when divided by the height of truss at the proper 
joints give horizontal components of maximum chord-stress, and 
the polygons for partial loading locate the position of the max- 
imum shear for use in the above construction. If the polygon is 
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drawn as in Fig. 29b, for convenience of using the same spacing 
of loads on the span as in Fig. 29a, it must be remembered that 
the train for the shear curve actually heads to the left, and that 
therefore the point corresponding to F, Fig. 28, will be found 
on the right of B in Fig. 29b, and must be set off to the left of 
A m Fig. 28. 






CHAPTER VI. 

FLEXURE AND DEFLECTION Of BEAMS. 

83. neznre of Beams, &c. — The bending moment at any 
section of a beam is opposed or balanced by the moment of 
resistance of the fibres at the section. Under the tensions and 
compressions to which the fibres are exposed, the particles of 
the beam are extended in one portion of the section, and com- 
pressed in the other ; so that a curvature of the beam results, 
with a change in direction, in a vertical plane at that point of 
the centre line or axis of the beam, as represented and exag- 
gerated in Fig. 39 : therefore the change of direction or incli- 
nation at any point is proportional to the bending moment at 
that point, or to the product of H by the ordinate between the 
equilibrium polygon and the straight line. By reference to 
Fig. 39 we can see the change of inclination produced in the 
beam at A by the elongation of the upper fibres at that point, 
and the compression of the lower ones. We can also see the 
effect of successive changes of inclination at B, C, and D, in 
altering the direction of the remainder of the beam; and we 
note that the changes of inclination at E, F, &c., produced by 
bending moments in the opposite direction, tend to bring the 
beam back toward its original direction. 

84. Change of InclinatioiL — The total change of inclination 
between any two points is proportional, therefore, to the sum 
of all the bending moments between those points, or to the area 
included between the equilibrium polygon, the closing line, and 
the two limiting ordinates under the points. If portions of the 
t)ending moments are of opposite kinds, the algebraic sum of 

100 
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the ordinates is to be taken, or the difference of areas of con- 
trary signs. As the angle of inclination is measured by the 
ratio of the vertical movement of the end of the beam to the 
horizontal distance from the apex of the angle, the numerical 
quantity to be obtained will be the tangent of the angle which 
the tangent to the bent beaiii at any point makes with its origi- 
nal horizontal position. 

85. Modnlns of Elasticity. — But it is manifest that the 
amount of flexure of a beam will be influenced by the material 
of which it is made. Let us imagine two bars — one of iron, the 
other of wood — of the same length and the same cross-section, 
firmly held horizontally by one end, and having equal weights 
attached at the free ends. The movement of the two bars 
below the original horizontal line, for similar points, will not be 
the same, nor will the changes of inclination. The bar which 
elongates and compresses most for a given stress on the square 
inch of section will bend the most as a beam under a given 
load ; and therefore the ratio of the force on a square inch of 
section to the elongation or compression produced in a piece an inch 
long influences the flexure of any piece imder a bending 
moment. This ratio, known technically as the modulus of 
elasticity^ and denoted by the symbol E, is deduced from 
experiments upon flexure, or upon extension under a tensile 
stress, and varies with the material. As the change of length 
is the denominator of this ratio, the more rigid body, the one 
which bends less for a given bending moment, other things 
being equal, will have a higher modulus of elasticity : therefore 
the curvature, the change of inclination, and deflection of each 
point from its original position, will vary inversely as this 
modulus; its values will be found in tables of strength of 
materials. 

86. Moment of Inertia. — Again: if we compare the action 
of two beams of the same length and material, of different but 
similar cross-sections, we know that they may not be equally 
affected by equal weights similarly placed; that is, by equal 
bending moments. If they are of equal depths, the broader 
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one will be the stiffer; and, if the breadths are the same, the 
deeper beam will be much the stiffer. Referring to Fig. 33 of 
Part L, ^^Roo£b," with the explanation of that figure there 
given, we see that the moment of resistance is made up of 
the summation of the products of the stress on each particle, 
multiplied by its distance from the centre line, or neutral axis, 
where the stress changes from tension to compression. As the 
stress on each particle increases with the distance from the 
centre line, the same moment of resistance might be repre* 
sented by the stress on a particle at a unit's distance multiplied 
by the summation of the products of the area of each particle 
by the %quare of its distance from the centre line. As the 
stress upon the extreme or most remote particle in a section 
will;,be less for a given moment of resistance the deeper the 
beam is, the flexure of the beam will vary inversely as the 
summation last spoken of. This summation of the area of each 
particle, multiplied by the square of its distance from the centre 
line, is known as the moment of inertia of the section, and is 
denoted by I. 

It may be obtained from the moment of resistance, deduced 
graphically in Part I., " Roofs," § 89, by dividing by the stress 
on a square inch at a unit's distance, which is equal to the 
stress,/, on the extreme fibre per square inch, divided by the 
distance from that fibre to the neutral axis, usually one-half 
the depth of the beam. For example : The moment of resistance 
of a rectangular cross-section was shown to be \fhJi?^ where 
I z= breadth, and h = height of the section : the moment jf 
inertia of a rectangle will, therefore, be 

n 



87. Formula for Change of InclinatioiL — The change of 
inclination at any one point of a beam will, therefore, be 



EI El' 



where y equals the ordinate to the equilibrium polygon at the 
point; and the total change of inclination between any two 
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points will be, if i equal angle of inclination to the horizon, and 
£ is the sign of summation, 

ton. 1=2 Si?. 
EI 

Of the three quantities involved, M, the 'bending moment, 
depends upon the load and its distribution, thus including the 
span of the beam : E, the modulus of elasticity, depends upon 
the material ; and I, the moment of inertia, upon the form of 
cross-section. All the variables are thus included in the 
general expression. 

88. Deflection; Area Moments. — Upon reference to Fig. 
40 it is also evident that the vertical deflection of any point of 
a beam from the original horizontal line depends upon the 
several changes of inclination, and the distances of the p6ints 
at which they occur from the above point. Thus, if an origi- 
nally straight rod a^ is bent at a, the point g will be carried 
to a point on the line al; the distance through which it is dis- 
placed depending upon the angle at a and the distance ag. If 
another angle is made at 5, the pointy will be found on bi; 
and, on a further bending at <?, it will move to the direction c h. 
The changes of inclination at (2, ^, and/, in the contrary direc- 
tion, wHl carry the point which was originally at g through 
£? i, « m, fg^ finally back again to g. (The deflections of aU 
beams and trusses are so small, that the curved line of a beam 
under a load is always considered practically equal in length 
to the horizontal distance between the two points of sup- 
port.) 

As the expression of the last section measures the angle at a, 
it will only be necessary to multiply it by the horizontal dis- 
tance of g from a to find the vertical displacement of g by 
reason of the change of inclination at a. The modulus of elas- 
ticity and the moment of inertia will affect the deflection as 
they do the changes of inclination. It is then evident that the 
total deflection or displacement vertically of any point, such as 
(2, from the straight line tangent to the curve of the beam at a, 
will be obtained by summing, from a to (2, the products of the 
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bending moment at each point of the beam multiplied by the 
horizontal distance of each point &om d^ and dividing the sum 
by E L !£ X denotes the distance of any point horizontally 
from dj the above deflection, v, may be written 

where the letters attached to the sign of summation £ denote 
that the addition of products is to extend from aix) d. 

In the same way that the summation of the ordinates j/ to 
the equilibrium polygon gives an area, the summation of the 
products of each ordinate into its distance &om d is equal, on 
the principle that the moment of a resultant equals the sum of 
the moments of the components, to the product of th6 area 
just referred to by the distance of its centre of gravity horizonr 
tally from d. To this last product we give the name of area 
moment. As a convenient aid in remembering in which direc- 
tion the horizontal distances are to be measured, we may note, 
that, if we regard the angle made by the original line of the 
beam and its new direction, the measurement is to be made 
away from the vertex, towards the opening of the angle. 

89. Mathematical Solution. — Another demonstration of the above 
theorems, which is brief, and which depends upon the usual expressions for 
the investigation of curvature, slope, and deflection of beams, by mathemat- 
ical analysis, is as follows : — 

Let M denote the bending moment at any point of a beam supported in 
anyway. Let E denote the modulus of elasticity of the material; and I, the 
moment of inertia of the cross-section. Let the originally straight hori- 
zontal line of the beam be the axis of a;, and let v be measured vertically. 
M will be a fimction of x. Let r equal radius of curvature of the axis or 
centre line of the bent beam at any point. Then we may write the well- 
known equation for the curvature, 

r da? EI* 
If we integrate this expression once, considering I constant, we have 

%^ =: — Tm (f X = tan. inclination. 
dx EI*' 

(f we determine and introduce the constant of integration, we find the ineli* 
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nation of the beam at each point to the horizon ; but if we integrate from 
to X, the origin being taken at one of the points of support, we get a com- 
plete integral, — the area included between the equilibrium x>ol7gon and the 
closing line, — but one expressing only the change of inclination from the 
slope already existing at Uie origin, or the angle between the tangent at any 
pomt and the tangent at the origin. 
Integrating again, we have, 



» = — r fM d x* = deflection. 



This integral is a yolume, and taken between limits, as before, is the sum- 
mation of each area from to a; into a height dx, giving a cone with a base 
'equal to f^Mdx and a height x: it is also equal to the area f Mdx mul- 
tiplied by the distance of its centre of gravity from the point whose abscissa 
is X. I is here . considered constant, and may be so taken in most trusses. 
If I varies, it will be expressed in terms of x, and retained within the in- 
tegral sign. 

90. Applicatioii8. — The areas are readily measured by scal- 
ing equidistant ordinates, and multiplying by the constant dis- 
tance between two ordinates, as is done in calculating the 
<;ontents of any irregular area by offsets. For a continuous 
load the equilibrium polygon becomes a curve, and the included 
areas with their centres of gravity are easily obtained for all 
practical cases. 

We wiU now proceed to find the inclination, or slope, and 
the deflection, of several beams loaded in different ways. As 
JB and I are usually expressed in units of pounds and inches, 
these units must be employed in denoting the imposed weights, 
the weight and dimensions of the beam. Li all cases, I will 
denote the length or span of the beam ; W, a single concentrated 
load ; and w^ the intensity per inch of a distributed load. The 
reader wiU see, after an inspection of one or two cases, what 
quantities are successively multiplied together. 

91. Ist, Beam fixed at One End, loaded at the Other. — 
The beam built into a waU or otherwise fixed at one end, and 
•carrying a weight W at the free end, will take the form of the 
■dotted curve sketched in Fig. 41. If W is laid off on a verti- 
cal line, it will represent the load, and also the shear at anj 
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point of the beam from this load. Drawing H from one end, 
and completing the stress diagram, we see that the equilibrium 
polygon is a right-angled triangle, the bending moment increase 
ing simply as the distance from the free end of the beam. Let 
k denote the height of this triangle. Then, by proportion, we 
shall have 

W:H = ib:^- or Hifc =W/ = M (max.). 

The area of the triangle = A; . ^ Z. If the beam is of uniform 
cross-section, I is constant. We have, then, for the slope at the 
extreme end, where the weight is attached, 

ton. t=2iAy = JL2'y = JLHifc.iZ = jJL^. 
*»BI^ BI •* EI ' 21bI 

The centre of gravity of the triangle being distant f I from the 
apex horizontally, the deflection will be obtained by multiplying 
tan, i by this distance, or 



2EI ' SBf 

which is the vertical distance that the point of attachment of 
the weight is below the tangent at the fixed end. 
92. 2d, Beam fixed at One End, and uniformly loaded. — 

If the uniform load over the whole extent of the beam is con- 
sidered as concentrated at a series of equidistant points, the 
equilibrium polygon wUl be readily drawn ; and the true curve, 
when the polygon's sides are increased in number indefinitely, 
will be seen to be a parabola. Fig. 42, with its vertex below 
the free end of the beam, and tangent to the closing line. As 
this curve is in equilibrium, the two tangents at the extremi- 
ties must, by § 10, meet on the vertical through the centre of 
gravity of the load ; that is, at i Z from one end. Therefore, 
upon drawing the tangent at the left extremity of the curve, 
which will be parallel to the most inclined line of the stress 
diagram, we get, by similar triangles, 

toll R=ik:^l; orH^ = ^ w? = M (max.). 

As the area of a parabolic segment is two-thirds of the 
enclosing rectangle, the area of this figure will be J Z multiplied 
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by its altitude h; its centre of gravity lies at 1 2 from the right : 
hence, as before, 

ton. t = -L . i w ? . i Z= il^; 
EI ' * 6BI 

top - , «; /* 
6EI ^ 8EI 

93. 3d, Beam fixed at One End, both nniformly loaded 
and loaded at Free End. — If the beam is supposed to cany a 
weight W at the free end in addition to its own distributed 
weight, we may combine the two preceding figures, and there- 
fore add the above expressions for slope in the one case, and for 
deflection in the other. Thus we obtain 



^'*-*=Ei(-x+-r)' 

^ = Bl(-8- + -3-> 



94. 4ih, Beam supported at Both Ends, a Single TVeight 
in the Middla — The equilibrium polygon is drawn in Fig. 43, 
and the reaction at each abutment is iW. On account of 
symmetry of loading, the beam will be horizontal at the middle, 
the greatest slope will be found at either abutment, and the 
deflection at the middle wiU be equal to the elevation of the 
end of the beam above the horizontal tangent at the middle : 
hence 

iW:H = ib:i;; or H^- = i W ; = M(max.). 

Reckoning the change of inclination from the middle to one 
end, we have for the area a triangle of area A . i Z, and 

tan. t = JL . jw;. JZ= ^^ 



EI * * 16 EI 

Remembering that the horizontal distance from the centre of 
gravity is to be measured towards the opening of the angle 
between the tangent and the beam, we find 



WZ« ^ ,__ W/» 



16 E I 48 E I 

95. 5th, Beam supported at Both Ends, and nniformly 
loaded with wl — The equilibrium curve, Fig. 44, will be the 
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well-known parabola. The tangent at one end, 2U\ explained in 
§ 72, will cut the middle ordinate prolonged at 2 £ from the 
horizontal line : hence 

iwl: K = 2k:il; or H ifc = | to ? = M (max.), 

as has previously been- shown. Then from the parabolic area^ 
as above explained, we get 

ton. t=^JL . 1 IT ? . 1 . 4 Z = J?-?!-. 
HI ^ « a 24 EI 

The centre of gravity of the semi-segment of the parabola m 
I of ^ 2 from the abutment : hence 

24EI'* "^ EI* 

It is worthy of notice, that with beams of the same length 

and the same total applied load, under Cases 1, 2, 4, and 5, the 

maximum bending moments are relatively as 1, i, i, and | ; 

and the relative strengths are as the reciprocals, 1, 2, 4, and 8. 

^ 96. 6th, Beam supported at Both Ends, canying a Singla 

Weight, distant a from the Right. — This case is represented 

by Fig. 45, and is given as a sample of the flexibility of the 

method, a is greater than J I. The reaction at the left point 

W a 
of support will be — y— . Then by proportion, as usual, 

V 

^:H = ifc:/-.a; or H;fc = ^ ^ ^/•""^)=M (max.). 

The point where the beam is horizontal is at present unknown j 
but at that point, which will not be at the weight, is manifestly 
the maximum deflection. Suppose that the point is C, distant 
X from B. The distance which C is below A will be equal to 

— - multiplied by the area moment of the area in the equilib- 
rium polygon to the left of the dotted line below C. The area 
moment to the right of the dotted line multiplied by the same 
quantity will be the deflection of C below B. As the tangent 
at C is horizontal, these two expressions must be equal : hence 
to find the point of maximum deflection resolves itself into so 
dividing the equilibrium polygon by a vertical line, tlmt the area 
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moment on one side, about the abutment ol that side, shall 
equal the similar moment on the other side abo at its abutment. 

The quantity — -, being constant, will not affect x. 

The dotted line will cut off a trapezoid from the triangle to 
the right of the weight. One of its parallel sides being A;, t^e 
other will be given by the proportion 

a 

and its area will be equal to one-half the sum of its two parallel 
sides multiplied by a — x^ the perpendicular distance between 
them : hence the area of the trapezoid is 

By taking moments about F for the triangle F D I, we see that 
DIF.fa — EGF.|a: = DIGE multiplied by of, the dis- 
tance of centre of gravity from F, or, in symbols, 

2 • 2 a * ^ a 

^ a ^ a 

and the distance of the centre of gravity of the trapezoid from 
A=zl — of : hence, making the area moment of the small 
triangle plus the trapezoid about A equal to the moment of 
the remaining area about B, we have 

Dropping common factors, we get 

x=z\/l a (2Z — a). 

Substituting this value of 2; in the second member of the defleo- 
tion equation (J) from which it was deduced, '^ve see that 
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W( Z — a)a(2/ — g) .r — ^^r- 

which expression, when a = J Z, reduces to . , as in Case 4. 
The slope at B will be 

ton. i=— ix= — >_-/ (2Z — a). 

The slope at A will be obtained similarly, 

97. Beam on Two Supports, but overhanging. — Before 

taking up additional cases of deflection of beams, it may be 
well to discuss the equilibrium polygon for a beam loaded in 
any manner, carried on two supports, and overhanging at one 
end. Let A I, Fig. 48, be the beam supported at A and B, and 
let the weight of the beam be considered as concentrated with 
the additional loads. Draw the stress diagram, 1 2, as in other 
cases. Commence at A', and draw A' C D' E' F G' T parallel 
to the radiating lines of the stress diagram, the angles occur- 
ring on the verticals let fall from the weights. If the applied 
weights are upon the upper side of the beam, and the reaction 
at B on the lower side, the force through B will not be encoun- 
tered as we first pass across the beam. There will be one line, 
parallel to 0-2, to be added ; and we return, as it were, below 
the beam, drawing the line from V to the vertical through B, 
in the reverse direction. Connect A' and B' by a closing line, 
and the equilibrium polygon is complete. A line through 0, 
parallel to A' B', wiU divide the load line into the two support- 
ing forces. Pi at A, and Pj at B. 

If we lay off a Z below A, equal to Pi, and then construct 
Icde^ &c., as was done in Fig. 4, we shall reach a point h under 
B ; then, laying off Pg upwards from b to h\ we proceed to g f, 
finally closing on the horizontal line when we subtract the last 
weight. Drawing the horizontal line marked H through 0, we 
find the bending moment at any point by multiplying H by the 
ordinate between the equilibrium polygon and the line A' B' or 
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B' r for that point. At K', there being no ordinate, the prod- 
uct is zero : consequently the beam is not bent at E. As we 
pass from K^ to B' and I', the ordinate, being below the poly- 
gon, may be called negative. The bending moment is in the 
<3ontrary direction over the portion K I from that existing over 
A K ; and it tends to produce convexity on the upper side of 
the beam, reversing the tension and compression in the fibres. 
The point K is called a point of corUrorflexure. The curvature 
of the beam is shown to an exaggerated scale by the dotted 
lineALBN. 

In case the beam overhangs sufficiently, or is heavily 
weighted on the portion B I, it may be found that the line 
from 0, parallel to B'A', cuts the load-line vertical above 1. 
The supporting force at A will then be negative, and the beam 
must be fastened down at that point to prevent its rising. The 
reaction at A will, as a tension in that case, be laid off below 
^n in place of above it. In case the beam overhangs both 
points of support, we may have two points of contra-flexure ; 
but the overhanging portions may be sufficiently weighted to 
<5ause convexity upwards over all the intermediate portion, 
when the line corresponding to A' B' will pass entirely below 
the curve, and there will be no points of contra-flexure. If the 
two points of support are brought together into one point, and 
the overhanging portions balance each other, we have a dia- 
^am for each portion akin to Fig. 42. It will now be seen 
why the moment diagrams of Figs. 41 and 42 were drawn on 
^he upper side of the horizontal or closing line. 
J 98. 7t% Beam supported and fibced in Direction at Both 
Bnds, TVeight W in Middle. — -The requirement that the beam 
Bhall be fixed in direction at its ends necessitates that it shall 
be so restrained, by being built into masonry or by the applica- 
tion of certain moments, that the tangent to the curve of the 
bent beam shall remain horizontal at the points of support. 
The equilibrium polygon for this case will be the two inclined 
lines of the moment diagram of Fig. 46. The beam will be 
horizontal at its middle, by reason of symmetry of loading; 
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and, referring to Fig. 89, we see, that, from the middle of the 
span to the abutment, the total change of inclination in one 
direction must balance that in the other ; or, since the changes 
of inclination are proportional to the ordinates to the closing 
line, we must draw the closing line at such a height above the 
vertex of the equilibrium polygon, that, from the middle to one 
support, the area remaining within the polygon shall just equal 
the area thus formed without the polygon. Since the two 
halves of the beam are subject to like forces, the closing line 
will be horizontal ; and, if h represents the maximum ordinate 
to the original polygon, it is plain that the line must be drawn 
horizontally, at a distance ^ k from the vertex, to satisfy the 
prescribed conditions. 

We then get, by proportion, 

iW:H=iifc:i/; oriHifc=4W/ = M(max.) 

at either abutment and at the middle, but of contrary signs, as 
shown by the direction of J h. We have points of contra- 
flexure where the closing line cuts the polygon, or at one-fourth 
the span from either end. At these points will be the greatest 
slope, but in opposite directions. Hence 

ton. t= J. .iW/.i.i/ = -5^?^. ' 
EI ' ^ * .64BI 

The deflection of the middle point below either abutment, 
or the height of the abutment above a tangent at the middle 
of the span, will be obtained by taking area moments about 
the abutment, remembering that one area is positive and the 
other negative, inducing deflections in opposite directions. 

It will be seen that the bending moments on the middle 
portion of the beam are the same as would be found were 
points of support placed at the points of contra-flexure, and 
the outside portions of the beam removed. 
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99. 8th, Beam fixed at Both Ends, and carrying a Dis- 
tributed Load. — If we draw the equilibrium curve, a parabola, 

Fig. 47, of depth k = ^— , as seen in Case 5, whose area is two- 
thirds of the enclosing rectangle, and superimpose on it a 
rectangle whose depth is § A, it is evident, that, the portions 
which cover one another being neglected, the portion of the 
rectangle outside the parabola must be equal in area to the por- 
tion of the parabola outside of the rectangle: hence the clos- 
ing line is to be drawn horizontally at J A above the vertex 
of the parabola. The bending moment at the abutment is, 
therefore, twice that at the middle of the span; and the latter 
is one-third of the moment which would have existed bad the 
beam been simply supported at the ends : hence 

M at abutment = — | . \wl?=. — ^wP. 
M at middle z=^.^tol^=i-j^wE 

To find the point of contra-flexure, we must find that abscissa 
of the parabola whose ordinate from a tangent at the vertex 
is ^ ^. Calling the distance of the point of contra-flexure from 
the middle of the span 2;, we have 

k:(il)' = ik:a^; or 0:* = ^ 

The point of maximum slope will be at the point of contra- 
flexure ; for, beyond this point, the curve bends the other way. 
The value wUl then be 

*^„ ,•_ H 12- 2^ ^^ 2^ ^^ 

EI ^ ' 24 EI ' 72 Ely's 

We may easily obtain the deflection by taking the area 
moments of the original semi-seginent of the parabola and of 
the semi-rectangle, or 

100. 9th, Beam fixed at One End, and supported at the 
Other, with a Single Weight distant a from Fixed End. — 

The equiUbrium polygon for this weight being drawn. Fig. 



114 BBIDGE-TBUSSES. 

49, and its depth denoted by i, we recall, from Case 6, that 
H A = L-II_-2. The position of the closing line is required. 

As there will be no bending moment at the end which is simply 
supported, the closing line will start from that extremity of the 
equilibrium polygon, and meet the vertical dropped from the 
other extremity at a distance to be found, and here denoted by 
y^. As the tangent at the fixed end is horizontal, it will always 
pass through the supported end : hence the summation of the 
several small deflections from the fixed to the supported end 
must be zero. Or, as the triangle with y^ for its altitude over- 
laps the polygon fibrst drawn, we may say that its area moment 
about the supported end must equal the area moment of the 
original triangle. We have, then, 

i; a> Wag^g) ,^ Z + Z~a _ W a (Z^a) (2 Z- g) 
yo'ii'ii jj-^ ii" «~2 6H 

The bending moment at ,the fixed end is, therefore. 

To determine the point of contra-flexure, we have the condi- 
tion that the ordinate to the original triangle at the distance x 
from the fixed end shall equal the ordinate to the closing line 
at the same point, or 

|a: = ^«(Z-.x); or Q^ + y^"^ x=zyo; 

kl + ayo' 

a quantity easily computed when a definite example is at- 
tempted. Upon drawing a line in the stress diagram parallel 
to the closing line, the supporting forces will be determined. 
The maximum bending moments of opposite signs occur at 
the weight and the fixed end. The value of the deflection can 
now be calculated, the point where the beam is horizontal being 
found first. 
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101. lOth, Beam fixed at One End, supported at the Other, 
and nniformly loaded. — Here the curve being a parabola, 
Fig. 50, we superimpose a triangle whose area moment about 
the supported end shall equal that of the parabolic segment, in 
order that the beam may remain horizontal at the fixed end : 
therefore 

I/oil. il-=i^.il.ilhOTyo=:^ = k. 

The bending moment at the fixed end is, then, M = — ^. 

o 

The point of contra-flexure is obtained by (see 9th Case) 

Another point of maximum bending moment will be at the 
middle of the small parabolic segment ; that is, at three-eighths 
of the span from the supported end : its value may be proved 
^o be 

128 

The beam will be horizontal at the point where the positive 
area cut off on the left of the ordinate equals the negative area. 
The deflection will be measured to such point. The reaction 
at the supported end will he i wL It is not expedient to carry 
out all of these steps in detail here : the method of doing so 
has already been indicated. 

102. Beam of Two Spans ; Special Device. — The last two 
cases might have been treated as beams of two equal spans 
continuous over a pier ; for an equal and symmetrical load on 
each span would have made the beam horizontal over the 
middle support. The treatment would have been exactly the 
same. A method of analyzing the last case is here submitted, 
however, as illustrative of a modified treatment. Suppose that 
a beam of span I carries a uniform load of tv per unit of length : 

the defiection at the middle, by Case 5, will be ^^ . — — . If 
a force from below is applied at the middle of the span, of 
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just the magnitude required to bring this point to its original 
position^ on a level with the two ends, the beam will be trans- 
formed to one of two equal spans, each one-half of the original 
amount, and the applied force will be the reaction of the middle 
pier. By Case 4, the deflection from a weight W at the middle 

of a span is ■tq-=— Putting these two deflections equal to 

one another, we at once obtain W = ^wl; or, if the new 
span V = ^ l^ W =: ^ w l\ and the end reactions will each be 
iwl\ If the load line be divided accordingly, the closing lines 
of the equilibrium polygon can be drawn, and all the values of 
Case 10 at once obtained. 






CHAPTER Vn. 

CONTINUOUS TRUSS OF TWO SPANS. 

108. 0«neral Principle of Continiiity. — The fact which 
was brought out in the last chapter, that the area moment of 
the equilibrium polygon is proportional to the deflection of a 
beam or truss, will enable us to deal with continuous trusses 
easily. A truss extending over two spans will first be taken 
up. Suppose that we have a beam, represented in Fig. 61, 
supported on the two abutments A and C, and divided by the 
pier at B into two unequal parts : its own weight is uniformly 
distributed, and it carries, in addition, a uniformly distributed 
load of twice the intensity from C to D, and also from E to F. 
Divide the two spans into convenient parts, equal or unequal 
(here taken equal), and consider the load to be concentrated at 
the points of. division. Draw verticals through these points, 
and having constructed the load Une and stress diagram, 12, 
draw the equilibrium polygon between C and A' as in previous 
examples. The loads at A and C are neglected, and are repre- 
sented by the portions of the load line which project at 2 and 
1. Since B carries a load, the vertical through B will deter- 
mine one of the angles of the polygon in the same way as any 
other loaded point. 

As no bending moment exists at A, the desired closing line 
A' B' must start from A', and similarly C B' is drawn through 
C. We know that B' must lie below the curve ; for we ha^e a 
negative moment of flexure over B ; that is, a moment which 
makes the beam convex on the upper side. We usually have 
two points of contrarflexure where A'B' and C'B' cut the 

U7 
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curve. Some condition is necessary to limit the position of B^ 
since there is manifestly but one correct value for the moment 
of flexure over the pier for a given position of the load. 

104. Abutment Deflectioxis. — From the demonstration in 
regard to deflection which has gone before, it may be seen that 
the vertical displacement of a point D, Fig. 61, in a beam under 
flexure, in reference to some point, such as C, as origin, and 
from a tangent C L to the beam at that origin, depends upon 
the successive changes of inclination between the two points, 
and the distances from the point D at which they occur, regard 
being paid to the direction of the change of inclination. Then, 
as each change of inclination is proportional to the ordinate to 
the equilibrium polygon, the deflection of a point from a tan- 
gent through the origin is proportional to the summation of the 
products of each ordinate into its distance from the point in 
question. As the summation of these products is the same 
thing as the area between C and D' multiplied by the distance 
of its centre of gravity horizontally from D', which we have 
styled an area moment^ the deflection of D from the tangent 
through C is proportional to the area C D' multiplied by the 
horizontal distance of its centre of gravity from D'. If, then, 
C L is the tangent through C, the deflections or vertical dis- 
tances of the points B and A from this tangent, or B K and 
A L, will be proportional to the proper area moments, and the 
closing lines to B' must be so drawn as to satisfy this condition. 
From the similarity of triangles, B K and A L are proportional 
to B C and A C, two known quantities. 

We may, with advantage, by drawing a tangent MB N to 
the beam at the pier B, obtain a relation of area moments more 
easily remembered and used. It is evident that N C : M A = 
B C : B A. From the preceding reasoning, denoting the centres 
of gravity of the respective areas by a, 6, (?, and rf, and taking 
the distances towards the opening of the angle, we write a 
proportion of area moments 

Area C^ F D^ (i / —area K^ D^ B^ . c jfc _ C N _B C 
AreaK'B'G'.6A — areaA'F G' .a^ AM AB* 
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The deflection M A being on the opposite side of the tangent 
from N C, the similar areas in the above proportion are taken 
with the opposite signs; that is, K'D'B' being reckoned aa 
negative in the first term of the proportion, K' B' G' is consid- 
ered positive in the second term ; and so of the others. Or we 
may consider the distances to the right of B plus, and those to 
the left minus. It is evident that there is but one position of B'' 
which will satisfy the above condition : for, if B' is carried still 
farther below K', the first term of the proportion is diminished,, 
and the second term is increased ; while, if B' is raised, the 
reverse takes place. It will be remembered that area moments 
do not give absolute deflections, but are only proportional to 
them : to obtain actual deflections, the area moments must be 
multiplied by H, and divided by E L As these quantities are 
constant, they disappear from the equation just deduced. If 
the moment of inertia of the beam or truss is variable, its rate 
of variation being known, each ordinate must be changed in 
the due proportion before the areas are computed. Generally I 
is considered to be constant. 

105. Areas and Centres of Gravity. — The areas in ques- 
tion are easily measured. If they are bounded by broken lines^ 
as is the case when we deal with concentrated loads, the ordi- 
nates represented by the dotted lines can be scaled and multi- 
plied by the horizontal distance between them, which is usually 
constant. As a continuous load gives a curve which passes 
through the vertices of the polygon described when the same 
load is concentrated on detached points and the abutments, and 
as uniformly loaded portions have parts of parabolas for their 
equilibrium curves, many of the areas are parabolic segments, 
triangles, and combinations of the two. The centre of gravity 
of a parabolic segment, such as C D' P', is at cZ, half way hori- 
zontally between C and D'. The centre of gravity of any 
triangle whose base is vertical is on the ordinate drawn at one- 
third of the horizontal distance from the base to the vertex. 

If we connect C and K' by a straight line, the segmental 
area C'P'K'and the triangle C'K'B'will mutually overlap; 
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SO that C P'D' . i? - K'D'B' .ckwUl be equal to C'P'K' 
multiplied by the distauce of its centre of gravity horizontally 
from C, minus C K' B' multiplied by two-thirds of the span 
B C. If an area is partly bounded by portions of two different 
parabolas, the common point of the two parabolas where the 
intensity of the load changes may be connected with the 
extreme points of the area, and it will thus be divided into a 
triangle and two parabolic segments. It may be unnecessary 
to add that any area may be divided into a number of parts, 
the respective centres of gravity found, and then the area 
moments of these parts calculated and combined, with the same 
result as if the area had been treated as a whole. C P' D' is 
bounded by a broken line ; but, as the angles of this line lie on 
a parabola, the centre of gravity of the area is still half way 
horizontally between C and D'. 

As, with concentrated loads, areas are made up of trapezoids, 
the following method of finding the centre of gravity of any 
four-sided figure may be convenient when great accuracy is 
desired. Draw the two diagonals a c and h d^ Fig. 53 ; hiiect 
one at m, and lay off the short segment ae oi the other at cf. 
Connect / and m, and the centre of gravity of the quadrilateral 
will lie in the line /m, at one-third of its length from w, the 
middle point of the diagonal bisected. By reversing the pro- 
cess with the diagonals, bisecting a (?, and laying oft de from (, 
another line may be drawn : the centre of gravity will be at its 
intersection with/7w. See note, p. 135. 

106. Value of the Pier Ordinate y^. — The distance K' B' 
may be determined easily, without the necessity of making 
trials to ascertain its value. We will illustrate by a simple 
example : the proof made use of applies to any case. Let a 
beam of two spans, c and cZ, Fig. 52, have a single load on each 
span. The equilibrium polygon will be similar to A C D B, 
the one represeiAted. Let us suppose for an instant that there 
is no bending moment over the pier. In that case, drawing 
A I and I B, we should complete our figure, and calling the 
area of the triangle A C I = A, of IDB = B, and the distances 
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of the centres of gravity of these triangles from the verticals 
through A and B respectively a and b, we ought to have, by 
§ 104, if the ends of the beams are on the supports, 

— Aa c 

Bb ""5* 

Since a bending moment over the pier does exist, this equa- 
tion will not be true. Then change the lines A I and I B to 
A E and E B, moving on the vertical a distance I E = y^. 
The area moments on one side are proportioned to the area 
moments on the other as e? to (2; but the area moments on the 

left are equivalent to 

Aa— AIE. f c, 

1^ c being the distance of the centre of gravity of A I E from 
the abutment vertical. The area of A I E is J (? y^* -A. similar 
relation exists on the right. Therefore we may state our pro- 
portion as follows : — 

— Aa + ^cyp. f g _g 

Every thing here being known except y^, we obtain the distance 
which in general, as in Fig. 51, B' should be below K', when 
c and d denote the spans,. A and B the areas A'F'K' and 
K' P' C\ and a and b the distances to the abutments from their 
respective centres of gravity, — 

_ 8(Aa. <f + Bb.o) _ 3 /Aa.BbX 
*^* cd(c + d) -"c + rf\ c "^ d /' 

Jfc==dy yc==2^(Aa + Bb). 

There is no failure when the beam happens to be horizontal 
over the pier B ; for then M A and N C are each zero, and there- 
fore area C'P'iy . ciZ = area K'B'D' . (?Z:, or K'B'G' . 6 A z= 
A'F'G'.a^. 

107. Remarks. — The equilibrium polygons of the two spans 
might be constructed separately, as we should do for detached 
spans ; but in this case we must have the same value of H for 
both polygons, and they must meet at one point on the vertical 
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through the centre pier: therefore, in drawmg the polygons,, 
we may start from K', or any other point in the pier vertical^ 
and work each way. Indeed, the polygon might cross a hori* 
zontal line through C^ and can be transferred at any time, if 
desired, to that line, by measuring off ordinates either aboy& 
or below it, so that A'B' and B'C shall coincide with or 
become the horizontal line. The construction of the polygon* 
for each span, by a separate stress diagram, wiU be shown a 
little later in an example of four continuous spans. With 
a symmetrical load on the two spans, we may introduce the- 
above value of y^ into, and solve. Cases 9 and 10, §§ 100, 101. 

108. Shear Diagram. — As the bending moments at all 
points are thus determined in Fig. 61, it remains to discuss the* 
shear diagram. Upon drawing from two lines, 0-4 and 0-5,. 
parallel to B' C and A' B', we shall divide the load line into 
three portions, which are, 1-4 = Pj, the supporting force at C, 
4-5 = P2, the supporting force at B, and 5-2 = Pj, the support* 
ing force at A. Lay off Pi = 5-2 at mn; draw the inclined 
lines, as was done in Fig. 6, steeper where the load is more- 
intense, striking the vertical under the pier at q; make yr = 
Pj = 4-5 ; and complete the diagram by reaching « at a dis- 
tance 1%-=- — Pj below t. The ordinates between m t and the* 
lines just drawn give the shearing forces at all points, on the* 
left of a plane of section and positive when above m t. 

109. DiscussioxL — If the load is shifted in position, we maj*^ 
draw new equilibrium polygons, and then complete the dia.. 
grams ; but, as in the case of a single span, a few diagrams will 
suffice, as will be seen presently. 

The beam of Fig. 51, as now loaded, has two points of contrar 
flexure, — at D and G. It may happen, that, when one of the- 
span^ is much more heavily loaded than the other, the point of 
contra-flexure G', on the shorter span, moving towards the outer 
end, may finally pass off altogether. As G' moves towards A', 
the point 5, where the line parallel to B' A' cuts the load line^ 
will approach 3 ; and when G' reaches A', and disappears, 5 will 
pass beyond 3. There will still be some slight pressure on the 
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abutment, although the span AB will be convex upward 
throughout its whole extent ; and the end of the beam will not 
rise from the abutment A until it is found necessary, in order 
to satisfy the condition of proportionality of area moments, to 
so draw A' B' that its parallel line 0-5 passes entirely outside 
^f the end 2 of the load line. As soon as this occurs, unless 
the beam is fastened down, it must be treated as one resting on 
two supports, and overhanging at one end, § 97, Fig. 48. 

110. Formula for Pier Moment for a Continnous Load. — 
If the beam is completely covered with a uniform load, the 
•equilibrium curve will be a parabola, and the middle ordinate 

for one span will be, by § 95, ^^-==. If li and ^ denote the 

o Jtl 

two spans, w^ and w, the weight of load on the respective spans 
per unit of length, the formula of § 106 becomes, when we re- 

72 

jinember that the area of the parabolic segment = ^-^j • f ^9 

o JbL 

-or, if Mp = pier moment, 



Ht/ — M — !£L^!±if^ 



If ?! = J^ and Wi = W2i we get the result pf § 101. 

Since the load on a truss is concentrated at joints, the equilib- 
rium polygon for such a complete load will be inscribed in the 
.parabola for the same load continuously distributed as on a 
beam : hence the area of this polygon will be a little less than 

u^ -p. , the area given above. It follows that the bending mo- 
ment over the pier for a continuous truss of two spans, loaded 
*t joints, is sUghtly less than the bending moment by the above 
formula. The original formula for y^, § 106, will give the correct 
•ordinate. 

111. Extent of Load to produce Mazimmn Momenta -— 
In treating a truss of one span, we found, that, since a load at 
4iQy point caused positive bending moments at all points of th^ 
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span, the maximum bending moment, and hence the maximmn 
chord-stress at every point, would occur when all possible loads 
were placed on the bridge, or it was covered from end to end. 
An inspection of Fig. 61, just discussed, will show that positive 
and negative bending moments occur in different parts of the 
same span, and that while a load added at any point in the beam 
already subject to positive bending moment will increase the 
bending moment, another weight put on near and to the right 
of B will tend to diminish the negative moment at the point 
of application by causing the point of contra-flexure to move 
nearer K'. 

Suppose that the beam of Fig. 55 carries a single weight only 
on the span 6 = ^29^^^ distance a from C. The equilibrium 
polygon for the span B C will be a triangle, and there will be 
none for the other span. By § 96 we see that k wiU equal 

Substituting in the equation for y^, § 106, we get 

y«— /,-l-z/ z, ""zTTS' 6 HZ, —g'^ips- 

If, upon plotting this value of y^, and drawing the closing 
lines, we find that the weight at a distance a from C causes a 
positive moment over any portion of the beam which has a 
negative moment under a full load, it is evident that the removal 
of this weight will increase the negative moment by just the 
amount of the positive moment thus removed from the particu- 
lar point. The use of this construction will be seen in the 
sequel. 

112. Example. — We will make a practical application ot 
this method to a truss of two spans, one of 80 feet, and the 
other of 100 feet, as represented in Fig. 54, contf luous over the 
pier. Let each truss weigh 2i tons per panel of ten feet, or 
500 pounds per foot; and let the rolling load be a thousand 
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pounds per foot of one truss, or one ton per foot for the bridge. 
A panel weight for one ^russ will be maximum 7i tons, mini- 
mum 2i tons. 

Take 1-2 = 135 tons, the weight of both spans when fully 
loaded ; divide 1-2 into portions of 7i tons, with end portions 
at 1 and 2 of 81 tons at A and C ; assume a point 0, preferably- 
opposite the middle of 1-2, and at a distance in this figure of 
50 tons. Since the truss is drawn as 12i feet high, it will sim- 
ply be necessary to multiply the ordinates to the equilibrium 
polygons by four to obtain the stresses in the chords ; and this 
can be done, without multiplication, by measuring the ordinates 
by the proper scale, thus converting the moment diagram into a 
chord-stress diagram at once. Leave out of consideration the 
end portions of 81 tons, which come directly upon the abut- 
ments, and, commencing at A', draw the polygon A' M C par- 
allel to the several lines connecting with the points of 
division of the load line. Only the extreme lines radiating 
from are drawn in the figure, as the remainder would con- 
fuse it, and tend to render the position of the point uncer- 
tain. As we know that the middle ordinate of A must be 

--2^ — ^ z= 181 feet, the remaining ordinates will be easily 

calculated, 18, 15 J, 12, and 6| feet : hence, summing all of the 
ordinates, and multiplying by the constant panel length 10 feet, 
we get A = 1237.5. The other area may be obtained similarly. 
Scaling from a diagram of reasonable size will answer as well. 
Now calculate M B' by the formula for y^, § 106, by which 

8 /1237.5 X 60 _L 630 X 40\ 1 /ftiQ^K i oikn iKKft^r* 
100 + 80 ( 100 + —80—; = 60 <^^®-^^ + ^^^> = ^^'^^ ^*- 

(The formula for a continuous load, deduced in § 110, would give 

MB- = M= f ' gf + f ' 100* =15.75 ft. 
50 50.8(80 + 100) 

The previous value is the correct one.) 

Laying off M B' = 15.56 feet, draw A' B' and B' C. The 
figure A'MC'B' encloses the ordinates for bending moment 



MB'=: 
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when both spans are folly loaded. Draw 0-3 and 0-4 parallel 
to A' B' and B' C ; lay off 2-8 upwards at a i, and 4-1 down- 
wards 2± ce; draw df at an inclination of 7i tons to a panel ; 
make fg equal to 8-4 ; and draw ^ e at the same inclination ; 
it should close on the point e, just plotted. The figure 
a df g e ch a encloses the ordinates for shearing force when 
both spans are fully loaded. These statements follow from the 
investigations of single spans. 

118. Load on One Span only. — Remove all of the rolling 
load from B C, including in this figure the load on B : the load 
line will extend from 2 to 5, and the extreme radiating lines are 
again shown by full lines. Use the equilibrium polygon A' M, 
and add the part from M to C. As the load on B C is one- 
third of its former amount, B will now be 210, and the other 
quantities will be unchanged : hence the pier ordinate will be 

M B" = JL (618.75 + 105) = 12.06 ft. 

Plot this value ; draw A' B" and B" C". Find anew the sup- 
porting forces ; lay off a A upwards ; draw h i at an inclination 
of 7J tons to a panel ; make i I equal the pier reaction plus one- 
half panel weight of moving load, or 2i tons ; draw Z Z: at an 
inclination of 2J tons per panel, closing with k c for the abut- 
ment reaction at C. The half-panel weight of moving load is 
added at z, because the entire travelling load was removed from 
B, and the real diagram would have been made by a line, shown 
in the figure, at an inclination of 2^ tons per panel, meeting ih'nx 
the middle of the first panel from the pier. It is easier to draw 
the complete line h i; and no error wUl arise, as the shear ordi- 
nates are measured in the middle of each panel. If the two 
abutment reactions are plotted first, we need pay no heed to 
the half-panel weight of rolling-load on B, as the two inclined 
lines for shear will intercept between them* on the pier vertical 
the proper reaction plus the half-weight. 

114. Load again shifted. — If the remaining portion of the 
rolling load is removed, uncovering the span AB, the load 
line will be^reduced to 5-6. As the part C M of the equilib* 
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rium polygon applies to tha second span, add the portion 
M A", and, finding the point B''", complet(3^ the figure : M B"" 
will be in this case exactly one-third of M B', because that is 
the ratio of the two loads. The lines limiting the ordinates in 
the diagram of shearing force will he mn and p q. The poly- 
gon A" M C will represent the case of the shorter span covered 
with the rolling load, including the point B, and the longer 
span unloaded ; and, as the value of M B''' will now be 

yo = BV (206.25 + 315) = 8.69 ft., 

we draw A"B''' and B"'C', find the supporting forces, and 
thence the lines r s and u t, (See the closing remark of § 113.) 

Each one of the equilibrium polygons might be drawn inde- 
pendently; but by the method here carried out, of passing 
them all through a common point M, two complete polygons 
suffice for four different positions of moving load ; and, in any 
case of trusses with horizontal chords, but little need be added 
to these polygons to determine the maximum chord-stresses. 
The two polygons might have passed through M without coin- 
ciding for one panel, as in this figure ; in which case B would 
probably have been relieved of one-half of its rolling load when 
one span was unloaded. Some readers may prefer such a treat- 
ment ; but we should then require new divisions of the load 
line, in place of using the original divisions as here. It is evi- 
dent that the presence of a load at B, or its absence from that 
point, can in no way affect the bending moments. 

115. Discussion of Results. — A little study of the poly- 
gons for bending moment wiU show, that, for the given inten- 
sities of load, all possible polygons, if drawn to pass through 
M, will lie between M A' and M A'' on one side, and M C and 
M C" on the other ; also that the maximum bending moment 
which tends to make the truss concave on the upper side occurs 
when owe span is fulli/ loaded^ the other being at the same time 
without travelling load. This fact might be anticipated, since 
the addition of a load on one span will tend to increase the 
deflection of all points on that span, and to diminish the defleo- 
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tion of all points on the other span. The maximum bending 
moment over the pier will occur when both spans are completely 
loaded^ for every increment of load adds to such negative 
moment ; and its value will, therefore, be H . M B'. This mo- 
ment will give tension in the top chord, and compression in 
the bottom chord, at that section. Conversely, M B'"' must be 
the shortest ordinate, as the polygon to which it relates repre- 
sents the lightest possible load. All values of y^ will, therefore, 
lie between M B' and M W\ 

As A' M C and A" M C" are the limiting polygons, they give 
the extreme deviations of the points of contra-flexure; and from 
the positions of these points can readily be determined the 
portion of each chord subject to tension alone, to compression 
alone, and the portion which must be adapted to withstand 
either stress as the load shifts its position. It will be noticed 
that the point of contra-flexure for the hundred-foot span shifts 
from the second panel from B, when only that span carries 
the moving load, to the fourth panel from B when only the 
other span is fully loaded; while, for the eighty-foot span, 
the point of contra-flexure shifts from the second panel from 
B to the seventh panel from B under similar variations of load. 
The influence of the longer span on the shorter is very marked, 
as, when the longer one is fully loaded, the unloaded span 
presses at C with only the weight represented hy ch. A check 
on the accuracy of construction is found in the fact, that, when 
both spans are loaded and both unloaded, the points of contra* 
flexure occur at the same place. 

116. Length of Chord under each Kind of Stress. — Since 
there is always a negative bending moment at the first joint on 
either side of the pier, we shall find, when we take moments at 
that joint of the bottom chord and again at the first joint in 
the top chord, that the first panel of the top chord will always 
be under tension, and that in the bottom chord the second panel 
from the pier will always be subject to compression. The fine 
line of the figure denotes a tension, and the heavy line a com- 
pression member. The double line on the adjoining portions 
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of either chord signifies that such pieces must be adapted to 
resist both tension and compression. 

When the point of contra-flexure advances to the fourth 
panel from the pier in the hundred-foot truss, there will still 
be a positive bending moment at the joint beyond : hence in 
the bottom chord the fifth panel from the pier will be a tension 
member, and in the top chord the fourth panel from the pier 
will always be in compression. As, in the eighty-foot span, 
the point of contra-flexure may reach the second panel from C, 
the first joint from C will be the only one always under a posi- 
tive bending moment. The supporting force wiU then be h c, 
and the shear line k Z, the shear will be of opposite signs in 
the first and second panels, the ties which meet at the common 
joint of the bottom chord for these two panels wiU be in action, 
and therefore two panels of the top chord will be in compres- 
sion. There wiU.be no corresponding stress in the lower mem- 
ber, as the two tie-braces react against one another. The first 
panel of the bottom chord, of course, has no stress. 

117. Partial Load on One Span. — The polygon M D^ on 
the left applies to the case where the span from A to D has 
upon it no moving load. If the polygon C" M E D' is taken, 
the moving load extends from B to D only ; if C M E D' is 
used, the load covers the span B C also. In the first case, the 
required point on the pier vertical is found to be just below 
B''', as seen in the figure ; and, in the second case, a little below 
B''. The dotted lines from C'\ C\ and D' to M, and from E to 
M and D', show the different areas used in finding the values 
of y^. The areas may be scaled or computed, as thought best. 
Upon finding the reactions, we construct yvw and the dotted 
line between qp and k Z, as the lines limiting the ordinates for 
shear when a moving load extends over B D alone ; while xzo 
and the dotted line between t u and e g will determine the shear 
ordinates for a moving load over C D. The inclinations of 
these lines correspond to the intensities of the loads, and the 
inclination changes in the middle of the panel at the head of 
the load. 



180 BRIDGE-TRUSSES. 

118. Completloii of Shear Diagram; Analsrsis. — The 

greatest pressure on the abutment A occurs when A B is fully 
loaded, and B C carries no moring load. The supporting force 
is then a A, and the shear in the two spans will be given by 
ordi nates at the middle of each panel to the lines At and Ik. 
Foi tlie reason why ordinates should be measured in the middle 
of each panel, see § 17. If the load extends over both spans, 
the supporting force at A falls to a d, and we get the shear by 
drawing df and g e. If neither span has any rolling load upon 
it, we find the pressure at A to be a wi, and then draw m n 
and p q. Finally, if B C alone carries the rolling load, the press- 
ure at A diminishes to a r, and the shear diagram will be com- 
pleted by the lines r « and u t. ^ 

Again : if the rolling load, at first extending entirely from 
A to C, moves off from the portion A D, the supporting force 
at A diminishes from ad to a x^ and the shear will be given in 
the span A B, as lately stated, by ordinates to the lines zzo; 
the point z occurring in the last lightly-loaded panel D. If the 
rolling load still covers B D, but the load on B C is supposed 
to be removed, the supporting force at A will immediately 
increase to a y, and the bounding lines for the ordinates will 
now he yvw. In the span B C the inclined dotted line of the 
greater inclination will give the shear for the first arrangement 
of load, and the dotted line of less inclination will limit the 
shear ordinates for the second arrangement of load. As it is 
manifest that h i and m n are the limiting lines for the extreme 
cases of load over A B alone and load upon neither span, and 
as .the load may cover any nimiber of panels from one to ten, 
from B towards A, the sets of lines, of which yviai^ one, will, 
for different positions of the load, shift between hi and mn, 
and the point r, at the head of the load, will move on a 
curved line from the middle of one end panel to the middle 
of the other, in the span AB. At the same time, the line 
for the unloaded span moves parallel to and between hi 
and p q. 

If a load, having covered B C, should then extend from B 
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towards A, we should obtain in a similar manner a curve, 
traced by the point z^ between the lines df and r «, from middle 
to middle of end panels. As the ordinates to this curve above 
the line ab are less than those to Avw, the latter line only 
need be drawn. Therefore, for a load advancing from B, the 
ordinates to hvn at the middle of each panel determine the 
maximum shear of this kind. Although this curve is not 
exactly a parabola, the construction of § 20 will give a curve 
which comes very close to the actual one, agreeing at the ends, 
and giving shear ordinates slightly in excess of the truth at the 
middle portion of the span. As the shear curve extends be- 
tween the middle ordinates of the first and last panels of the 
span, set off the half-panel from h and n, and then divide the 
remaining portion of each tangent, up to their common inter- 
section, into a number of equal parts one less than the number 
of panels in the span. The divisions are marked in this figure 
from p to t While the small error is on the side of safety, the 
amount which the constructed curve passes outside of the true 
point V will indicate the magnitude of the greatest deviation ; 
and the curve can then be corrected by setting in, towards its 
tangent's, as is usual in corrections, according to the square of 
the distance. The allowance can be easily made by the eye, 
and is seldom large enough to be of practical importance. In 
any case, by placing a load on half of the span, and deter- 
mining a point simUar to v, the curve can be located with all 
desired accuracy. 

If a rolling load advances from A, the span B C being 
unloaded, the pressure at A increases from am to a h^ and the 
different limiting lines for shear will move between h i and mn; 
but as the inclinations of the lines which correspond to yv and 
V tv will be reversed, since A D now is loaded, and D B is not, 
the point j at the angle will, like v, trace a curve from the 
middle of the panel near m to the one near i of the opposite 
curvature. If, again, B C is loaded, and a load advances from 
A towards B, the curve drawn in the figure from rtof will 
be described. As the latter curve includes the former, it 
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is the only one required. While the load is shifted as just 
described, the line for the other span vibrates between the 
parallels k I and pqin the one case, or tu and ^ ^ in the other. 

The shear-curves hvn and rjf limit all the ordinates for 
shearing force in the span A B for every position of moving 
load ; the portion of the curve A v w, which lies above a 6, giving 
the maximum shearing stress upwards on the left of any sec- 
tion, and calling for diagonals all sloping one way from A to 
the panel over v. The truss of the figure has ties. The part 
of rjf which Ues below a I gives the maximum downward 
shear on the left of a section, and requires braces from B to 
the third panel from A, as shown, with an inclination in 
the opposite direction. A similar construction supplies the 
required shear-curves for the span B C ; and, because the spans 
are dissimilar, all four curves must be drawn, and all possible 
movements of the travelling load are then provided for. While 
some may think that a rolling load will never take all of the 
positions assumed above, we repeat that the worst possible com- 
binations are provided for. It will be seen how the counter- 
bracing is shifted from the middle of the spans towards the 
free ends. The stresses in the diagonals can now be obtained 
by drawing lines parallel to those pieces, as in Fig. 11. 

119. Remarks. — The desire to have the diagrams clear, 

while they are on so small a scale, forbids the drawing of many 

equilibrium polygons and lines of shear for various positions 

of the moving load ; but if the reader will construct a diagram 

for himself, with the load shifted, panel by panel, for a few 

panels, he will be able thoroughly to assure himself of the 

truth of the statements here made as to the limiting values of 

bending moment and shearing force. As the truss has parallel 

chords, it is just as easy to have the ordinates to the equilibrium 

polygon represent chord-stresses as bending moments. It will 

only be necessary that the middle ordinate at E, for instance, 

W I 
to the dotted line M A^ shall equal ^ . , as explained ia 



%k 



% 28, and similarly for the other span. 



BRIDGE-TEUSSES. 133 

120. Checks on the Accnracy of Diagrams. — There are 
several tests for proving the accuracy of a set of diagrams. 
The shear for a particular load should always change its sign 
at the point where the bending moment for that load is great- 
est : thus, above the point where h i cuts the horizontal line a 6, 
will be found, if no error has been made, the maximum ordi- 
nate of the corresponding moment diagram. The two lines 
m n and df must intersect on a 6, as they apply to the cases of 
uniform loads over both spans ; and p q intersects g e on h c ioi 
the same reason. Points of contra-flexure for similar distribu- 
tions of load must agree. The intersection oi ut with p q 
must be vertically under the intersection o{ ffe with kl^ or kq 
must equal et; and similarly h d must equal mr; for a certain 
weight on one span will diminish the reaction at the farther 
abutment of the other span a certain definite amount, no matter 
whether the second span be loaded or unloaded : hence, putting 
the rolling load over the span B C wiU diminish the reaction at 
A from h to d, or an equal amount from m to r, depending upon 
whether AB is loaded or unloaded. This last check is an 
excellent one. 

121. Mazimnm Negative Momenta — Since the maximum 
negative moments at different joints of these spans occur, with 
one exception, as seen in Fig. 54, when the rolling load is 
removed from the span in which the joint is situated, there is 
only one joint to which the method of § 111, Fig. 65, need be 
applied. At the first joint to the left of pier B it will be seen 
that the maximum negative moment of Fig. 54 is caused by a 
complete load on both of the spans A B and B 0. The 
removal of such weights of moving load as cause positive 
moments at the joint in question will increase the negative 
moment by the amount of the positive moments removed. In 
applying the formula of § 111, W = 5 tons, H = 60 tons, 
^ = 100 ft., Ix = 80 ft., and a = 90 ft., 80 ft., &c., for succes- 
sive joints measured from A. For the first joint on the left of 
B we therefore have, if the load is on that joint, 
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. W g (t, - g) _ 5 X 90 X 10 _ -. o #f 
* - Hi; - 50 X 100 - "•*' "• 



^ ,h + a 0.9 . 190 ^ .„^ ,^ 



The vertical distance to the closing line at the first joint will 
be ^ X 0.476 = 0.4275 feet, and the remaining ordinate is 
* - 0.427 feet = 0.473 feet. 

If the load is on the second joint from B^ 

, 6x80x30 ^^^ , 1.6.180 ^^aa^ 

* = -lo-irioo-- = ^-^^'"^^y'^ = T i86 = *-^"- 

At the first joint the original ordinate will be ^ A = 0.8 feet, 
and -^ yo = 0. 72 feet. The remaining ordinate = 0.8 — 0.72 = 
0.08 feet. 
For a load on the third joint, 

, 5 X 70 X 30 „ . .^ , 3.1 170 ^ ^^ ^^ 

* = 50x100 = 2. 1 ft. , and y. = -^ • jgg = 0.993 ft. 

At the first joint, original ordinate = 0.7 feet, and ^ y^ = 
0.893 feet. The remaining ordinate = 0.7 - 0.893 = - 0.193 
feet. 

It will be unnecessary to proceed any further since this load 
causes a negative moment at the first joint. Adding the previ- 
ous ordinates for the first joint, and multiplying by H, we get 

(0.473 + .08) 50 = 27.65 ft. tons ; 

which is the amount of negative bending moment to be added 
to the quantity indicated at the first joint to the left of B, 
Fig. 54. If preferred, the diagrams may be plotted, as at the 
bottom of the figure, to a large scale. 

As the total ordinate just obtained is about one-half foot, 
it is evident that no removal of weights from the span B will 
increase the ordinate given in the figure at the first joint on 
the right of B for a complete load on both spans sufficiently 
to make it greater than the one indicated for steady load alone 
on B C. 

122. Closing Kemarks. — ^While the full lines in this figure 



BEIDGE-TBUSSES. 186 

show all of the polygons and diagrams required for a complete 
discussion of a two-span continuous girder with horizontal 
chords, a truss with curved or inclined chords cannot be ana- 
lyzed without an equilibrium polygon for each position of the 
load, to be combined with the shear diagram, as explained in 
§ 63. Continuous girders are, however, almost always designed 
with a constant height. Where the height varies, it is proper 
that the rate at which such a variation in height changes the 
moment of inertia of the cross-section of the truss should be 
introduced in the process of equating area moments. As such a 
process is simply finding deflections from a tangent at one of 
the points of support, I was dropped from the denominator as 
constant. If its rate of variation is assumed, the successive 
ordinates must be lengthened or shortened, as the case may 
be, at that rate, before the area is computed, and its centre of 
gravity found. 

If the two spans are equal, the number of lines becomes less 
as B^' and B^^'will coincide, and the shear diagram need be 
drawn for one span only. 

The Area Moment of any area in a moment polygon, where loads are con- 
centrated at equidistant panel joints, may be readily obtained by the following 
method, no matter how irregular the area may be : 

Let the strips of equal breadth into which the area is divided by the verticals 
let fall from the joints be conceived to be divided by diagonals into pairs of 
equal triangles, as seen in the sketch below Fig. 29c, Plate III. Each pair of 
triangles, a, a, b, b, &c., having an ordinate for their common base, will have 
their common centre of gravity on that ordinate. Hence, if n is the number of 
panel lengths any ordinate y is distant from the point about which the area 
moment is to be taken, and ^ is a panel length, the area moment of each pair 
of triangles will heyp 'iipf and the whole area moment =p^2ny. 

Therefore, multiply each ordinate by the number which represents its dis- 
tance in panel lengths from the point about which the area moment is to be 
taken, sum the products, and multiply this sum by the square of a panel length. 
[Suggested by C. G. Wrentmore.] 



CHAPTER Vm. 

<X)NTINUOUS TRUSS OP MANY SPANS. 

1 28. Trass of Fonr Spans ; General Treatment — From 
the example presented in Fig. 56 we can deduce such expres- 
sions for pier ordinates as wiU be applicable to any number of 
.pao,. ■L ig^ Aows fo„. .A of eighty fit, one hm,- 
dred feet, fifty feet, and forty feet successively, loaded, as repre- 
sented, with a travelling load, from L to M and N to P, of five 
tons per panel, and steady load throughout, from A to E, of 
two tons and a half per panel. To prevent the load line and 
stress diagram from occupying too much space, as weU as to 
show the perfect practicriUt; of drawing separate moment 
polygons for each span, as we do for single lusses, we have laid 
off the load lines of the longer spans independently, but have 
taken the same value for H in all of the diagrams; and this 
must always be done. The stress diagram for the eighty-foot 
span is 1 2 : the marks of division show the weights on the 
respective panel joints. 

Starting from A', draw the moment polygon for this span 
terminating at B'; from B' draw the moment polygon for 
the hundred-foot span by lines parallel to those which would 
complete the stress diagram 0' 3 4, 8-4 being the load on this 
span, and the polygon ending at 0^ As the last two spans are 
short, draw 5-6 equal to the load on both spans, and then con- 
struct C D' E', as has been done before. Now draw A' B', 
B' C, C D', and D' E'. Compute the areas between each of 
these straight lines and the respective moment polygons, and 
determine tl e centre of gravity of each area. Areas belonging 

196 
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to spans which are partially loaded may be divided, as explained 
in § 105. Let the spans, commencing witli A B on the left, be 
Z«, {(, ?0, la' Let the areas be represented by A, B, C, and D. Let 
the distance of the centre of gravity of A horizontally from 
A be a, and from B be a^; let b and b', c and c', d and d^, denote 
the similar distances for B, C, and D, from the pier verticals on 
their left and right. 

124. Pier Ordinates. — We now desire to find, in the same 
way as we determined y^ for two spans, the distances yi, y^ and 
^„ or B' F, C G, and D' I, the ordinates at the piers, required 
to complete the diagram for bending moments. In the first 
place imagine that i/^ or D' I, is plotted below D', so that the 
pier ordinates are all of one sign. If a tangent is drawn at B 
to the curve which the straight line ABC will assume under 
the given load, we know by §§ 104, 106, that the deflections 
■at A and C from the tangent at B are proportional to the 
spans, or 

Aa — ^yi.f/g' Aa — ^yi/g* ^Ig 

6 

Similarly for the spans B C and C D when a tangent is drawn 
through C, and for CD and DE in reference to a tangent 
atD, 



Bb — 






Bb-^yi.ty-iy..|V „ ""- 6 '» _l, 






6 



go yi+2y. ii 
Co-^y..»/,<-^y..|/c' „ 6 ' _ I, 

iy..*V-Da' ' iy.V— Dd' U 

'Upon reducing these equations, by bringing the unknown 
quantities together, we obtain 

4yi+2(i» + .'.)y,+icy.=6^+^); (2) 

l.y»+2il, + l^)U» =9(9^ + ^. (8) 
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It is evident that (2) is the general equation wliich applies 
to any pier of a continuous girder, it having been derived for 
the pier at C, and the spans B C and C D being ^estrai^ed at 
B and D by moments caused by other spans beyond. If, in 
(2), yi equal zero, we have the form of (1) ; if y, equal zero, 
we get (3) ; if y^ and y^ each equal zero, we get the equation 
of § 106 for y, for two spans only. Hence, by beginning with 
an equation like (1), closing with one like (8), and writing 
equations similar to (2) a sufficient number of times to make 
in all one less equation than the number of spans, the required 
equations for the unknown pier moments for any number of 
continuous spans wiU be obtained. If Z^ = Z^ = l^ &c., the 
equations simplify a little. The simplicity and symmetry of 
the general equation (2) is worth noting. 

125. Solution of Equations. — To show that no difficulty 
exists in the solutipn of these equations, let us apply them to 
the above case, and, since the second members are known quan- 
tities, denote them by P, Q, and R. Then 

360 yi 4- 100 y, = P. 

100yi + 300y,+ 50ys=Q. 

50 2^, + 180 2^8 = B- (MiUtiply 2d equation by 3.6.) 



360 yi -f 1080 yt -f 180 yt = 3.6 Q. (Subtract let and 8d equations.) 
930 y, =3.6Q — P— R. 

_3.6Q — P — R 
^* ^30 

Substitute in first equation, and find yi\ then in third, and 
find y^. 

126. Positive Pier Moment. — If the reader will take the 
trouble to make a numerical solution of this example with the 
given intensities and distribution of the load as shown in Fig. 
56, he will meet with one peculiar result, — the value of y, will 
be found to be minu%; that is, D' I must be measured off from 
1)' upwards, and denotes a positive bending moment, the truss 
being concave upwards. There is, therefore, no point of contra- 
flexure in the span D E, and no negative moment over the pier 
D. The truss presses on the pier D, however, to an amount to 
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be found presently. That this pressure is small arises from the 
fact that the load on the hundred-foot span has a tezdency to 
lift the truss from D, and it will be seen that almost all of 
C D is under a negative bending moment. If the point I had 
Mien on the str^ht line joining G with E^ the bridge would 
have been lifted entirely clear of the pier D ; and, if I had come 
above a line from G to E', another solution would have been 
required, with the pier D considered as removed, making C E 
one span ; or else the truss would have required bolting down 
atD. 

127. Shear Diagram. — Having drawn A' F, F G, G I, and 
IE', draw in the respective stress diagrams lines 0-7, 0-8, 
0' -9, and 0' -10, parallel to them, cutting off the supporting 
forces at the several piers arising from each truss, and then 
complete the diagrams for shearing force which are drawn 
below the truss. We see that by drawing the stress diagram 
for each span by itself, as has here been done, we get the sup- 
porting force at any pier commqn to two spans in two portions, 
one belonging to each span. Thus 7-1 = ap, and 2-7 =fb; 
S-3 gives h w, and 4-8 gives g c. The pressure at B is m 6 -f- ^/« 
The pressure at D is — i d -f- ^ ^ or i A:. The shear diagram is 
reduced in scale to save room. 

128. Clapeyron's Formula for Uniform Loads. — If a beam of uni- 
form cross-section is continuous over several spans, and each span is loaded 

tliroughout'its extent with a load of uniform intensity, such intensity differ- 
ing on different spans, the area of the equilibrium polygon for any one 

span, if it is unconnected with the others, will be, by § 95, f / ifc = ^ , 

12 £1 

and the horizontal distance of the centre of gravity from either support will 
he ^ L If, then, these values of B b and C c' are substituted in (2). § 124, 
for such a case we get 



L 



y, + 2(/, + yy,+ Z, 2,3 = 6 (^" + ^)- 



Multiplying by H, and remembering that H ^ = moment at pier ^ M, we 
iiave 

The above equation ia known as Clapeyron's Formula, or the Three-Mo- 
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ment Thecremy as applied to uniform loads on a cnntinaois girder of ODifono 
cross-section. From it may be readily dedaced the formtda for two spans; 
and the remark that concentrated loads give slightly less moments over the 
piers than does the same amount of distributed load applies here also. 

129. Three-Moment Theorem for Single "Weight — Referring again 
to the general equation (2), §124, we see that it is concerned with two 
spans only, ^5 and /«• If? then, a single load is placed on one of these spans, 
it will be interesting to see the form which the equation will assume. Sup- 
pose that a weight W is placed on /^ at a distance n li, from the left pier, 
where n denotes some fraction less than unity. Turning to § 96, or looking 
at Fig. 45, we see, that, for an independent span, the supporting force at the 
right will be n W; and hence the altitude k of the triangle which represents 
the area B, and whose base is Z^, will be found by the proportion 

H:nW=(l — n)/6:;fc; ... ifc = (izZ^l5JLL*. 

£1 

The centre of gravity of this triangle being found at two-thirds of the dis- 
tance from the vertex on the line which runs thence to the middle point of 
the opposite side, the horizontal distance b = f . ^ (1 -[- n) /». Substituting 
in (2), multiplying by H, and remembering that C = 0, we find that 

Mi/6-f2M,(/6-f /c) + M,/c = n(l — n)(l + n)WZ6« = (n — n»)WV. (1> 

If, on the other hand, the weight is placed on /« &t a distance n /« from 
the left, B will be zero, C will have the same form as B had for the other 
span ; but o', being measured in the other direction, is 

c' = |.i{/e + (l-n)M=i(2-n)Zc.- 
hence we now get 

Mx/6 + 2Ma(Z6 + /c) + M,/e = n(l — fi) (2 — n) Wy = 

(2n — 3n« + n«) Wy. (2) 

Quite a practicable way to analyze a continuous girder, although rather 

a long process, is by putting a weight at one joint of one span, finding the 

pier moments and reactions at all of the supporting points, then shifting 

the weight to the next joint, repeating the operations, and so on. The worst 

combinations of load for each piece can then be selected from a table giving 

the effect in detail of each weight. The equations for any number of spans 

idll become 

Mi/i(=0)-f2M, (/i + /2) + Ma/, = 



M«+i i«+i-f- 2 M«+j (/«+! + /«+2) + Mm+3 Zm + 2 = (n — n») W (•« n 
M,/, + 2M,+iG, + /.+i) + M, + 2Zr + i(=0)=rO. 
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The equaidons for the two piers which carry the loaded spaa will have a 
term in W : all the others will equal zero, the end moments will be zero, 
and there will be one less equation than the number of spans. 

For a continuous girder of a large number of spans, the solution of the 
equations become tedious : the method by undetermined multipliers will, per- 
haps, be the easiest. (We should prefer equations for complete loads, which 
will give all necessary pier moments.) 

180. Piers not on the Same Horizontal Una — Taking 
up anew the original equation (2), § 124, and multiplying b}- 
H, we have 

It was shown in §§88, 104, that B b was proportional to the 
deflection of one of the points of support of a span from a tan- 
gent to the beam drawn through the other point of support, 

B b • H 
and that the absolute deflection in inches would be —=-=—• If> 

EI 

then, one pier is an amoimt v vertically below a horizontal line 

through the top of the other pier at which the tangent is drawn, 

so much deflection will not be needed to produce the required 

result when the tangent passes below 1;he horizontal line at that 

pier, and more deflection will be required if the tangent runs 

above the horizontal line : that is, imagining the span to first 

coincide with the inclined tangent, the truss need not be bent 

so much to place the free end on the other pier, if both the pier 

and the end of the span are on the same side of the horizontal 

line, as will be the case when both piers are on a level, or when 

the tangent and the top of the pier are on opposite sides of the 

horizontal line. 

As we must, however, reckon from the horizontal line when 

the deflections are made proportional to the spans, the quantity 

V must be added to the numerator or denominator of the second 

equation of § 124, according as one pier or the other is taken 

as the origin. To make v commensurable with B b and C c', it 

E I 

must, as seen above, be multiplied by -r=j- : hence, when intro- 

Jti 
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duced in (2), § 124, the equation with which the present section 
opens becomes 

where Vj and v^ denote the distances the piers at the ends of 
the spans l^ and l^ are below the middle pier. The above equa 
tion is the most general form of the Three-Moment Theorem 
for a girder of constant cross-section, on supports at any eleva- 
tions, and loaded in any manner. Generally the piers are 
assumed to be on a level, or rather it is presumed that the wall- 
plates will remain at thf)se elevations at which they were when 
the spans on the false works were first made continuous. A 
small settling of one support will make a serious disturbance of 
the moments, points of contra-flexure, and reactions. This point 
wiU be investigated later (§ 137). 

181. Example : Three Spans. -^ It will probably be satis- 
factory to take up a special example, and go through with the 
necessary constructions. Let the iron truss, Fig. 57, of three 
continuous spans, be intended for a railroad bridge : its total 
length is 624 feet from centre to centre of end pins, and the 
spans are 192 feet, 240 feet, and 192 feet successively. The 
dead load is assumed as 1,600 pounds per foot of bridge, and 
the live load as 2,500 pounds per running foot. The panels are 
12 feet long, giving 16 panels for the end spans, and 20 panels 
for the middle span. On one joint of one truss the dead load 
is 4^ tons, the live load 7J tons ; total, 12 tons. The trusses are 
drawn to a scale of 72 feet to an inch, and the diagrams to a 
scale of 72 tons to an inch. 

The load Unes for the middle span and for one end span 
having been drawn as usual, the polygons for bending moment 
are so drawn as to have their terminal points in the same hori- 
zontal line, by which construction we shall diminish errors due 
to instrumental work, keep the drawing from spreading over 
the sheet, and make two sets of curves suffice for the discus 
sion. The equilibrium polygons of greater depth are drawn 
for live and dead load over the whole span ; those of less depthi 
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for dead load only. As a check on the drawing, applj the cus- 

W I 

tomarj formula, middle ordinate = -^-yt' Here H = 60 tons : 

hence 

First span, middle ordinates = 34.56 and 92.16 ft. 
Second span, middle ordinates = 54 and 144 ft. 

The two middle ordinates in each span will have the ratio 4J to 
12. The polygons can be constructed by § 28, if desired ; and 
all the ordinates can be easUy calculated by the property that 
they are proportional to the product of the two segments into 
which each divides the span. Denoting the areas for full load 
by A, B, and C, and those for light load by A^ B', and C/ we 
have by measurement or calculation (see page 149), 

A = 11,736 sq.ft. A' = 4,40l8qft A to A' as 12 to 4}. 

B = 22,992 « B' = 8,622 « 

C = 11,736 « C = 4,401 « 

Since the centres of gravity of the areas are in the verticals 
at the middle of each span, the formulas for pier ordinates 
become 

2aa + &)yi + /6y. = 3(A + B) = 864y, + 240y„ 
^6yi + 2(/6 + /c)y, = 3 (B + C)=240yx + 864y,: 

whence, by adding and subtractmg, 

4(yi+yO=Tk(A+2B + c) (i) 
i(yi-yO=Th(A-c). (2) 

After substituting the proper values of these areas, the sum of 
the last two equations will determine t/i : their difference will 
giveyj. 

For finding maximum moments we may have six cases, as 
follows : — 

lo. , All spans loaded. — A = 11736 = C; B=22992: therefore 

yi = y, = 94.37 ft 

29. All spans unloaded. — 

yi=:y, = 4:| X 94.37 = 36,80 ft 
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30 Middle span loaded, end spans unloaded. — ▲' :s 4i01 ^ C; 

yi = y, = 74.44 ft. 



22902. 



4^'. End spans loaded, middle span unloaded. — Ars 11736 =sC; B s 

8622. 

y, = y, = 55.32 ft Or 94.37 + 35.39 — 74.44 = 55.82. 

5^. First span loaded, second and third spans unloaded. — 

▲ = 11736, B' = 8622, C = 4401. ^ (yi+ yO = 45.86 ; i (y^ — yO = 17.68, 

yi = 62.99 ft.; y, = 27.73 ft. 

6^. First and second spans loaded, third span unloaded. — 

A = 11786, B = 22992, C = 4401. ^ (y^ + y,) = 84.40 ; ^ (y^ — y^ = 17.63, 

yi= 102.03 ft. ; y, = 66.77 ft. 

These ordinates are plotted below the respective piers, their 
extremities are connected by straight lines with the ends of the 
polygons below the abutments, and with each other, as seen in 
Fig. 67, when the moment diagrams for the given distribution 
of load are complete. For convenience of reference, the 
arrangement of loads is marked on each set of lines. By draw- 
ing lines in the stress diagrams parallel to the above-mentioned 
lines we determine the supporting forces, or the abutment and 
pier maximum and minimum ordinates for the shear diagram. 

182. Points of Contra-flezure ; Chord^taresses. — The 
points of contra-flexure are marked by small circles. For the 
end spans the third case of loading carries these points nearest 
the abutments, and the fourth case brings them nearest to the 
piers. For the middle span the fourth case removes the points 
of contra-flexure altogether, putting the entire top chord into 
tension, and the bottom chord into compression; while the 
sixth case carries one point of contra-flexure nearest a pier, 
thus giving the greatest range of positive moment. It is to be 
remembered, that, the end spans being alike, what is true of one 
is true of the other, and that a reversal of the sixth case will 
carry the points of contra-flexure in the middle span to the 
same distances on the other side of the centre. We can now, 
as in Fig. 64, show the portions of either chord which are liable 
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to one or both stresses. The parallelism of pairs of closing 
lines which cross the middle span is noticeable. 

Those portions of the verticals let fall from the panel joints, 
which are intercepted between the respective equilibrium poly- 
gons and their closing lines, are the distances which alone are 
significant as giving, or being proportional to, the chord-stresses, 
and only the longest one of each kind for each joint is valuable. 
These maximum ordinates have been drawn with full lines, for 
convenience of reference. It will be seen that the greatest 
positive ordinates in the first span are riven by A F and the 
Uter polygon. The greatest Lgaave^rfioaJ at the pier ta 
B L ; and the greatest negative moments for one joint on the 
left and two joints on the right are given by lines from L, and 
by the greater polygons. The remaining negative moments for 
the first span are given by A I and the smaller polygon. In the 
second span, when it alone carries a complete live load, we have 
the greatest positive ordinates for the middle joint and five 
other joints each way from the middle. The sixth and seventh 
joints from the middle on the right will have greater ordinates 
to L Q ; and by symmetry, when the second and third spans are 
loaded, the corresponding joints on the other side of the middle 
will have the same ordinates. The third and fourth joints 
from the pier B will have maximum negative ordinates between 
the smaller polygon and G N : for the remaining joints to the 
middle the ordinates will be measured to F P. 
/ 138. Joints requiring Special Treatment. — As previously 

stated, one joint to the left of B, and two joints to the right of 
B, have maximum negative moments when loads are on the 
first and second spans : according to §§ 111, 121, since rolling 
load is upon these spans at the time, so many joints must be 
unloaded as will thereby influence favorably the increase of 
negative moments at the above joints. The original formulsd 
are 



146 BBIDGB-TBUBSBS. 

and tlie calculations may be made from these formula. In that 
case, as the loaded point is in but one span, two of the areas 
equal zero. By reference to § 121, the other quantities are 
easily obtained ; but we may more conveniently avail ourselves 
of equations (1) and (2) of § 129, since they have already 
been deduced. They must, of course, be divided by H to give 
yi and yj- For a weight of 7 J tons in the first span of our 
example, they become 

864 yi + 240 y, == (n — n») ^ (192)« = 6629.6 (n — n") 
240 2ik + 864ys = 0. 

Then 

i(yi — yO =4.43 (n — n«) 
yi = 6.93 {n — n'^. 

The value of y^ is not needed for the weight on the first span. 
For a weight of 7 J tons on the second span we also get 

864 yi + 240 y,= (2 n — 3 n' + n'') ^ (240)« = 8640 (2 n — 3 n« + n*) 
240yi + 864y,= (n — n») ^ (240)« = 8640 (n^n^ 

a. 
i(y, + yO = 11.74 (n-n«) 
i(yi-yO = 6.92 (n-3n« + 2n») 
yi = 18.66 (n — n«) — 13.84 (n*-^r^)\ y, = 4.82 (n — n*) + 13.84 (n^-^n*). 

In the first span, for values of w = J§, \^. -J-f, and -Jf, yi 
becomes 0.77 feet, 1.89 feet, 1.87 feet, and 2.22 feet. Drawing 
the several triangles for the weight on these successive joints, 
which are given at the bottom of the plate to a much enlarged 
scale, and whose vertices lie in a parabola, as indicated in § 80, 
we see that weights at the first and second joints will give posi- 
tive moments at the first joint, and that these moments must, 
therefore, be added to the negative moment already obtained. 
The calculation of § 121 can be renewed here, if desired. 
Loads on five joints from the pier will have positive moments at 
the spcond joint; and their moments, added to the negative 
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moment at that joint due to complete load over the first and 
second spans, as shown by the ordinate from U, will make a 
resultant moment greater than the one for load on second span 
only : hence the former moment is the significant one. 

Passing next to the two joints on the right of the first pier^ 
we proceed in the same way. For loads on successive joints 
from the pier, or w = ^J^, ^, ^, and ^, t/i = 0.85 feet, 1.56 feet, 
2.11 feet, and 2.54 feet; while t/2 = 0.30 feet, 0.56 feet, 0.88 feet, 
and 1.21 feet. It will then be seen by the figure, or by calcula- 
tion, that the removal of loads from the first two joints will 
increase the negative moment at the first joint, and that the 
removal of four loads to the right of pier B will increase the 
negative moment at the second joint of the second span. A 
load at the fifth joint wiU be found to give a negative moment 
at the second joint ; and hence this investigation proceeds no 
further. All the moments are now obtained, and their amounts 
can be scaled. 

It will be seen that the longest portion of the first span 
under positive bending moment at any time is about a hun- 
dred and sixty feet ; and of the middle span, about a hundred 
and seventy feet. As the portion between two points of no 
bending moment acts, so far as chord-stresses are concerned, as 
if it were an independent span supported at these points, the 
height of the truss may be made twenty feet, nearly correspond- 
ing to one-eighth the span for a single-span truss. By varying 
the relative spans in any example, the distance in each span 
which shall be under positive moment can be brought to an 
equality, or nearly so; and hence a constant height for the 
whole girder may be chosen which shaU give cho^d sections 
approximately alike in all spans. The negative moments at 
the middle of the centre span in this example are quite insigni- 
ficant. Parts exposed to alternating stresses of opposite signs 
should be of heavier section than when called upon to resist 
compression only. As the ratio of H to the height of the truss 
is 2^, the chord-stresses may be obtained from our diagram by 
multiplying the ordinates by this quantity; tliat is, changing 
the scale. * 
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184. Shear Diagram. — The shear diagram can now be drawn 

by laying off the abutment and pier reactions as usual, equal to 
the segments of the load lines cut off by lines parallel to the 
closing lines, and connecting the extremities of the ordinatea 
so obtained by the inclined lines seen in the figure. By a simi- 
lar line of reasoning to that employed in constructing the 
diagrams for a two-span truss, the parabolas for maximum shear 
will be plotted upon the lines just referred to, and will answer 
to the combinations of load marked upon them. Some of the 
arrangements may not be probable ones ; as, for instance, that a 
train shall cover A B, and another advance from C upon the 
middle span: but such combinations of parts of a train may 
occur as to render most of these positions possible in some 
localities. Enough shear curves are drawn to enable the 
stresses on all of the verticals and diagonals to be scaled, as the 
remaining web members will be put in by symmetry. The 
middle span will be symmetrical : the counters in the end spans 
will be found to move towards the abutments. 

It has been stated that the shear parabola for a continuous 
girder as constructed on the two inclined lines gave, over 
the middle portion of the span, a stress a little in excess of the 
actual stress as obtained by separate constructions for the 
several partial loads. By drawing one moment diagram for 
each span for a rolling load covering one-half the span, and 
then plotting the special shear diagram for that case, the error 
of the middle ordinate can be found, and the whole error prac- 
tically corrected by moving the curve slightly towards the 
tangents. The ends of the parabolas in the middle of each 
first panel are right. One such construction is carried out in 
the figure, for the middle span, as shown by the dotted moment 
polygon ; and the slight error of the usual curve is seen, 
amounting to about a ton and a half at the maximum point, — 
a comparatively insignificant quantity. 

135. Extent of Chord subject to One Stress. — To deter* 
mine how far the stress in a chord will extend when a point of 
contra-flexure occurs in a particular panel, and there are two 
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diagonals in that panel, we must see which diagonal will be 
under stress at that time. Thus, in the end span, the point of 
contra-flexure reaches its extreme limit, T, when the middle 
span alone is completely covered with travelling load. The 
shear diagram for the end span will then be given by e/, and 
all the ties which slant down to the left will be in action : hence, 
taking moments at the joint to the left of T, we have tension 
in the seventh panel of the bottom chord from A, and compres- 
sion thence to B, and compression in the seventh panel of the 
top chord, counting from the angle, with tension to the right 
of it. 

186. Deflecti(m of a Contintioiis GHrder. — From the inves- 
tigations of Chap. VI., it will be apparent that the deflection 
of a continuous girder under a load may be obtained by the 
method of area moments, as in more simple cases. It will be 
necessary to find the point where the tangent to the curve of 
the beam or truss is horizontal by dividing the moment area 
into two portions by an ordinate so placed that the area moment 
on one side, taken about its abutment, shall equal the moment 
of the area on the other side about that abutment. Either of 
these area moments divided by BI will give the maximum 
deflection. By making use of the original parabola and the 
negative area whose end ordinates are j/i and jf^, the desired 
quantities are easily obtained. 

Note to § 131. — Areas may be easily calculated by the formula, Area = 
I k I (l — _ V where N = No. of panels in span, and k = middle ordi* 
aate 



CHAPTER IX. 



PAETIALLY-CONTmUOUS TEUS8. 



187. Settlemont of Point of Support. — The investigatian 
has been founded thus far upon the assumption that the piers 
remain at the same elevations at which they were when the 
spans were joined on the false works, or what would be under- 
stood in an analytical investigation as a horizontal line. The 
trusses would then, if without weight, be without any strain. 
It is possible that one or more of the piers may settle a little, 
sooner or later, and the moments latelv found will be disturbed 
by such a change. As the pressures on the points of support 
will be unlike, there may be more compression of one pier than 
of another. It is well to see how much the stresses may be 
altered by the compression of the foundation, or the settlement 
of a pier. 

Let it be assumed that the bearing on the first pier B, Fig. 
57, is lowered one-fourth of an inch. As the formula of § 130, 
which takes account of difference of level in supports, has a 
term involving B 1, it will be necessary to find the value of 
these quantities. From the results previously ascertained, the 
average section of either chord in Fig. 57 is taken at 40 square 
inches. The depth of the truss from centre to centre of 
chords is 20 feet = 240 inches. The value of I will then be 
practically 2 X 40 X 120^ = 1,152,000. B may be taken as 
26,000,000. As the units of B and I are poimds and inches, 
the areas A, B, and C, which have heretofore been expressed in 
square feet, may be reduced to square inches by multiplying by 
144. When the tangent is drawn at B, A and C wiU be above 

150 
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the horizontal line through B ; when the tangent is drawn at 
C, B will be below C ; while D is on a level with C. H = 50 
tons = 100,000 lbs. The two equations of condition of § 181^ 
modified by the formula of § 180, and divided by H, become 

ou» yi -r -5»v y, oy^-y^D) ^ V,192^ X 12 ^ 2iOXl2/ 

240y, + 864y. = 3(B + C) + ?^.gj5i-j5. 

In order to retain the original areas, and to obtain y^ and t ^ 
in feet as before, it will only be necessary to divide the last term 
of each equation by 144 to make them commensurable with the 
others. The last term of the first equation is, therefore, 

6 X 26,000,000 X 1,152,000 /_1_ , _J_\ -.0437 5 
100,000 X 144 V9,216 "^ 11,620/ "" ' ' 

The last term of the second equation becomes 

6 X 26,000,000 X 1,152,000 ^ 1 _ 1 nftii «i 
100,000 X 144 ^ Ii;520 ~ ^'^^'^' 

Hence we obtain, by addition and subtraction. 

It will now be seen that y^ is diminished 8.48 feet, and y^ is 
increased 2.21 feet, in every case, from the values previously 
obtained by a settlement at B of one-fourth of an inch. 

How seriously the chord-stresses are changed by this small 
displacement of the pier-bearing is easily seen. A few of the 
changes are shown in Fig. 57 by the dotted closing lines, 
marked with accented letters. The points of contra-flexure 
are moved considerably also. As the height of the truss is 
twenty feet, the chord-stresses are increased or diminished two 
tons and a half for every alteration of one foot in the vertical 
ordinate below the particular joint. The supporting forces 
being altered, the shears, and hence the web-stresses, are some- 
what changed also. If there is no reason for expecting a 
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settlement of one pier more than another, the possibihty of a 
movement of either one should be considered. On account of 
the influence of change of level of piers upon the pier momenta 
and reactions of a continuous girder, such a system seems best 
adapted to plate girders or heavy lattice riveted girders of 
moderate span. 

138. PartiaUy-Contintioiis GHrdezs. — The evil effects of 
settlement may be avoided in two ways, — by the use of what 
we call partially-continuous girders, or by fixing the points of 
contra-flexure by hinges. As to the first method, — 

Let the several spans of a bridge be erected independently, 
and swung clear of the false works; then let the upper and 
lower chords of successive spans be connected over the piers, 
the former by bolts, and the latter by compression-blocks or 
keys. The spans, when free from rolling load, will be subject 
to bending moments as single spans, none existing at points of 
support ; and, when further loaded, the moments from rolling 
load only, computed as for a continuous girder, will be modified 
by the moments from steady load previously existing. If such 
a method is appUed to the example of three spans just treated, 
the results in the two cases of continuous and partially-con- 
tinuous girders can be readily compared. It is evident that 
the equations for pier moments must be applied to rolling-load 
polygons alone, the steady load being excluded entirely ; and, 
as the areas for these spans have been carefully computed, it 
will be convenient to use A — A', B — B', and O — C, in place 
of A, B, and C, for the areas due to rolling load. 

But, as this example has been already worked out, if we note 
that the pier moments for steady load have been taken away 
by our device (which moments, by Case 2, § 131, are 35.89 feet), 
we may subtract this distance from all the values of yi and y^ 
of § 181, and find the new quantities. Fig. 58 shows the 
results : the range of the points of contra-flexure is indicated, 
and the maximum ordinates are shown. The portions of either 
chord subjected to alternating stresses are very much reduced : 
the point of contra-flexure shifts but three panels &om the 
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piers in the middle span, and five panels in the end spans. It 
is apparent that the positive moments near the middle of each 
span will be increased by the taking away of the pier moment 
due to steady load, and that the pier moments will all be dimin- 
ished by this amount. The shear diagram for the centre span 
is unchanged; but the shear in the end spans is somewhat 
altered. The maximum negative moments must be investigated 
in the light of § 133. 

There is one point to be especially noticed in finding the pier 
ordinates. The same letters refer to corresponding lines of 
Figs. 67 and 58. In subtracting the ordinate BE or C O of 
Fig. 57 from the remaining pier ordinates, the point N will be 
-carried above C, as shown by the dotted line G N of Fig. 58. 
As this position indicates the existence of a positive moment 
at C, we must inquire whether the chords at that pier are 
adapted to resist that moment : if, as is probable, they are not, 
the ordinate at the pier B must be calculated anew for a girder 
of two spans, A B loaded and B C unloaded, remembering that 
the travelling load alone produces the moment at B. Thus was 
obtained B G, giving the closing lines A G and G C, drawn in 
full lines. By adapting the lengths of span to the intensity of 
travelling load it is possible to make the maximum positive and 
negative moments equal, or in any desired ratio. 

Thus far the effect of settlement of piers has not been elimi- 
nated, and the arrangement here suggested would offer no 
advantages. If, however, it is suspected at any time that there 
has been a settlement of any one of the bearings, or to provide 
agamst such an occurrence, it is only necessary to loosen the 
connections over the piers when the bridge is empty, and to 
bring those pieces again just to a bearing or junction: the 
bridge is then restored to the condition under whijh it was 
designed. Whether it is practicable to apply such an expedient 
•depends upon the supervision the completed structure will 
receive. 

139. Fixing Points of Contara^flexnre by Hinges. — If cer- 
tain points in a girder extending across several spans are 
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hinged, so that no bending moment can exist at such pointsi 
the closing lines of the moment polygons must alwajs pass 
through the hinges ; and the stresses are at once made definite, 
whether the points of support settle or not, provided that 
enough hinges are supplied to locate the closing lines. A 
notable example of the introduction of this expedient occurs 
in the case of the Kentucky-river Bridge on the Cincinnati 
Southern Railway, — a bridge of three spans, of 375 feet each, 
shown in Fig. 59. As the gorge which this structure crosses is 
275 feet deep, the ordinary false works for erection were out 
of the question ; and the spans were built out &om each cliff as 
projecting trusses, anchored back to the rock. The details of 
construction are not in place here ; but suffice it to say, that,, 
while the bridge was necessarily a continuous girder during 
erection, the fact that the two piers were built of iron, and 
might rise and fall some two inches from variations of tempei*a- 
ture, while the natural rock abutments were unchangeable in 
level, required some expedient to obviate the great changes in 
stress which would otherwise occur. After the structure was 
completed, the connections in the lower chord at E and G were 
severed ; and since the ties are concentrated at D, E, F, and G, 
the trusses were thus hinged on the upper chord-pins at D and 
F. AD is, therefore, an independent truss of 300 feet, sup 
ported at D by the truss D F, which overhangs its span B C 76 
feet at each end. The moments and shears in the middle span 
will be influenced by a load on an end span : but the moments 
and shears in the end spans will depend entirely upon the 
load on those spans ; that is, the stresses in A D will be those 
of an independent girder. E B is sometimes known as a canti« 
lever. See p. 157. 

The shear diagram for this bridge is not drawn; but the 
moment polygons are shown, — one for steady load, and the 
other for a complete live and steady load. As D', E', F', and 
G' are known points, the possible combinations of closing lines 
are at once drawn, and the points of contra-flexure shown by 
small circles determined. Under the supposition that trains 
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may at once cover any or all portions of the bridge, we shall 
have, for bridge empty, the closing lines A' I L F', with points 
of contra-flexure Q and R. For first span loaded we get 
A K L F' when the entire middle span is under negative 
moments; for middle span alone loaded the points P and S 
are determined by A' I L F' ; the condition all spans loaded 
fixes V and W by A' K N G' ; and so on. If the bending 
moment at the middle of a single span of 875 feet for a travel- 
ling load which equals the steady load (an equality which is 
practically true for this bridge) be called 100, the maximum 
positive moment at 150 feet from A is about 63, the negative 
moment B' K is 80, and the moment at the middle of B C is 60. 
By reason of the length of the bridge, and the fact that but one 
train wiU be on the bridge at one tune, it is probable that some 
of these combinations will not occur. Of course only the possi- 
ble moments will be considered in working out a design. 

140. Element of Indetennination in Multiple Systems of 
Sracing. — The amount of shear which is found at any section 
of a continuous girder differs from that which would exist at 
the same section were the particular span independent, by rea- 
son of the influence of weight in one span upon reactions at 
other points. As the amount of vertical force which is thus 
Added to or subtracted from the reaction at any point may pass 
Across a span which has two or more system? of bracing by a 
ohoice of paths, the distribution of this portion between the 
•different systems is indeterminate. Thus, in Fig. 67, the impo- 
sition of a complete load on the middle span, after the first and 
third spans are loaded, increases the positive shear in the third 
:8pan by the constant amount g A, and diminishes the reaction at 
D by that amount. If there had been two systems of bracing, 
how much of this shear passed through either system would be 
unknown. The amount thus in doubt is not of serious conse- 
quence, the uncertainty being guarded against by a slight 
increase of section. A truss in which the stresses are perfectly 
^leterminate, exactly as when there are no superfluous pieces. 
is, however, the most satisfactory. 
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141. Weighing the Reactions. — It has been suggested that 
the girder may be designed for certain specific supporting forces, 
— either those which theoretically exist at the piers for a given 
load, or such other reactions as may make the maximum chord 
and web stresses what are desired ; and then, upon putting the 
truss in position, that these reactions shall be weighed off to 
the proper amount by a lever or system of levers, and the bear- 
ing points shall then be blocked up until the index of the 
weighing machine returns to zero. For such a method of 
designing it wiU simply be necessary to lay off the reactions on 
the load line, draw lines from the points of division to the pole, 
and make the respective closing lines of the moment diagram 
parallel to the lines just drawn. 

142. Conclnsion. — The investigations which have preceded 
have not been conducted with a view to decide what type of 
bridge is the most economical, but to give the applications of 
this graphical method of analysis to such a variety of types, 
that the reader may be able, without difficulty, to find the 
stresses in any bridge-truss graphically. The advocates of the 
greater economy of continuL girdei over single^pan tousses 
rest their belief largely upon the reduction in absolute magni- 
tude of the chord-stresses. The web-stresses are considerably 
increased. The weight of the structure can only be arrived at 
after the cross-sections of the pieces have been worked out, 
properly adapted to the stresses to which they are exposed. 
From the fact that a piece subject to reversal of stress requires, 
for equal safety, a larger cross-section than a piece exposed to 
but one kind of stress, or, in other words, a reduction of the 
safe intensity of stress per square inch, and that, on account of 
so large a portion of the two chords being liable to these alter- 
nating forces, special work must be put into the construction 
of such parts, a mere comparison of the numerical value of the 
stresses in two bridges, one continuous and the other dis- 
continuous, will afford no good criterion of their relative cost. 
A fraction of a cent more per pound in the cost of executing 
the iron-work of a truss may cause it to be less economical in 
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first cost than a heavier bridge of a more simple deisign. Plate 
girders of moderate span on very stable supports, and with a 
comparatively large steady load, may well be built as continu- 
ous girders, for the full strength of the flanges and web may 
then be better developed ; but, for skeleton trusses as usually 
built in America, we do not think the principle of perfect con- 
tinuity over the piers is well adapted. 

The investigation of continuous girders is especially useful 
as introductory to the following chapter. 

The analysis of cantilever bridges agrees with § 139. Canti- 
levers may be introduced in different ways, and are used to 
facilitate erection without false works and to make long spans 
more practicable. They frequently vary in depth, to render 
chord-stresses more nearly uniform. Not more than two points 
of contraflexure or hinges can be located in one span, and the 
total number should be one less than the number of spans. 

One-half of the Forth bridge is shown on Plate X., as also 
three other cantilever bridges, which latter may be compared 
with reference to type of web, outline, and lengths of cantilevers 
and suspended spans, since these bridges differ but little in 
length. Superfluous pieces are omitted on the right half of each. 

Four spans of the Lachine bridge, the two channel spans with 
their next, or flanking, spans, were made continuous. Two of 
•them are shown on Plate X. The cantilevers, having been built 
out to C, were raised or lowered by means of the adjustable tie 
C F and an adjustable bed at A, until one-half of the panel 
weight of dead load at C passed over C D, and one-half over 
CF. The section EF of the top chord was then riveted in 
place. The four spans then acted as a continuous girder for live 
load. The closing line of the equilibrium polygon for dead load 
will be tangent to the parabola below C, as drawn. The reac- 
tions and shears follow easily. 

In case of unequal settlement of piers, vertical adjustments 
can be made at A and at the extreme end of the other flanking 
span. Observations on ties C D and F will show if adjust- 
ment is required. 



CHAPTER X. 

PIVOT OR DBAW SPANS. 

v 

148. Draw-Spans. — Following the treatment of the fixed 
spans of a bridge, either continuous or discontinuous over the 
piers, naturally comes the discussion of what is called the draw- 
span. While there are several simple ways of opening a small 
portion of a bridge to permit the passage of vessels, the only 
type of draw which requires special investigation is the one 
most commonly built at the present time, often of very large 
proportions, in which the span is capable of being revolved 
horizontally on a pivot or a wheel-ring at its middle, so as to 
open two chaimels, one on either side of the centre pier. 

If the two parallel trusses of the draw-span are carried on 
the pivot by one cross-bearer, so as to be supported at a single 
point at the pier, the draw, when open, acts as two beams or 
trusses, each fixed and horizontal at one end, with a uniform 
load, arising from its own weight, over its whole extent. The 
two portions are usually, though not necessarily, equal in length, 
and they balance on the pivot ; while the stability is assured by 
the wheels of a wheel-circle, which arrest any tendency to tip 
or cant. A certain amount of play permits the whole weight 
to be carried on the pivot. When the draw is closed, it may be 
elevated at the extremities by cams or wedges, so as to bring a 
greater or less pressure upon the piers ; or it may simply swing 
into place over its wall-plates or seats, without practically 
pressing upon the piers until a travelling load comes upon it ; 
or, finally, it may be so secured by horizontal locking-bolts, that, 
while these bolts do not bring the ends of the draw any more 
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closely in contact with the wall-plates, they prevent one end 
from rising from its seat when the travelling load first comes 
upon the other end. 

^144. Draw as Two Single Spans. — As the truss durectly 
supported on the pivot is the simplest design for treatment, we 
will begin by referring to several modifications of this general 
type. 

If the ends of the drawHspan when it is closed are raised by 
mechanical means to such a height that the top chord over the 
centre pier is entirely relieved from tension, the two halves of 
the draw will then be independent spans. By making the top 
chord link with an elongated pin-hole, one can readily ascertain 
when no stress is transmitted through the member. So long as 
there is su£5cient play or slack in the piece in question, the 
travelling load will also be carried by the two halves of the 
draw as if they were separate spans: hence the bending 
moments and shears for the closed draw will be ascertained as 
in Chap. II. ; while the stresses caused by steady load in the 
open draw will be the same as in other cases, which will be 
treated more in detail presently. If the bending moment over 
the pier due to the steady load was just removed, and the outer 
ends of the draw elevated no farther, the travelling load would 
cause bending moments over the centre pier, and the draw 
would, when closed, come into the class of a partially-continu- 
^is girder of two equal spans, discussed in § 138. 
uSyl45. Draw as a Two-Span Continnons Girder. — If the 
ypivot^pan is, on the other hand, when closed, supported at its 
ends at such an elevation that the moment over the centre pier 
is the same as exists in a continuous girder of two equal spans 
(in which case it is necessary, as seen by §§ 101, 102, that the 
Bupporting force supplied at each end by cams, hydrauHc jacks, 
or otherwise, shall be, when there is no travelling load on the 
draw, three-eigJiths of the weight of one sparC)^ the draw when 
closed is circumstanced precisely like a continuous girder of 
two equal spans. If, then, we draw our diagrams for two equal, 
continuous spans, as described before, we have only to add the 
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moment polygon and diagram for shearing force for the draw 
open. A consideration of the method given for a beam over- 
hanging at one end will show the construction in this case. 
Here the beam overhangs at both ends, and the two supports 
are united in one, the beam balancing upon it. 

Construct, if it has not already been done, the equilibrium 
polygon for the truss loaded with its own weight. Remember 
that the end Joints each carry one-half of a panel weight : there- 
fore, from the points where the polygon cuts the verticals from 
the extreme ends of the span, dr^w parallels to lines in the 
stress diagram from to the extreme ends of the load line, and 
these lines must cut the vertical under the centre pier in the 
same point. By referring to Fig. 60 we can see that the draw, 
when open, is in the condition of the beam A B C, if the abut- 
ments A and C are removed. The equiUbrium polygon will be 
A' E' C, and A' B' and B' C would be tangents to the parabola 
drawn through the vertices of the polygon. The ordinates to 
the polygon thus intercepted will be, when multiplied by H, the 
bending moments at the joints for the open draw. 

For the shear diagram draw lines from the extremities a and 
e of base line for shearing force to points b and /, below and 
above the base line a distance equal to the weight of one span, 
or one-half of the load line, bf being the reaction of the centre 
pier, and equal to the entire weight of the unloaded draw. 
The ordinates at the middle of the panels will show the shear- 
ing force on the left of a section when the draw is open. 

The diagrams for this case are thus completed ; that is, these 
lines just described are to be added to the diagrams required 
for two equal continuous spans. When the draw is open, there 
will be tension throughout the upper chord, and compression 
throughout the lower chord, and braces will all slope in one 
direction from the centre pier to either end. The stresses 
when the draw is closed, and the direction of the braces 
required, will be as stated in Chap. VII. If the supporting 
forces at the ends exceed or fall short of the amoimt before 
stated, three-eighths of the weight of one span, the case 
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requires a diflferent treatment. From the. power applied to the 
cam, or jack, the actual amount of reaction may be approxi- 
mated to, and the new state of affairs readily be classed under 
a case soon to be noticed. 
^^ 146. Draw balanced on Pivot when closed. — More com- 
monly a draw is screwed up at the centre by shortening the 
top chord link, or raising the pivot, imtil almost or quite the 
entire weight and bearing is upon the pivot, and the ends of 
the truss scarcely do more than touch the bearings on which 
they close, as is shown by the immediate tilting up of one end 
of a draw when a train enters the other end. The draw ma^ 
then practically be considered as poised on the centre when 
bhut and unloaded, with the same stresses as when open. Let 
ABC, Fig. 60, represent the draw closed, balanced on the pivot 
B, and barely in contact with the abutments at A and C. The 
curvature in the figure is exaggerated; but every draw is 
theoretically curved in this way, when supported in the middle, 
and deflected under its own weight, even when it is actually 
straight and horizontal, as is proved by the existing tension in 
the top chord, and compression in the bottom chord ; and the 
points A and C can be brought to a level with B only by a 
reversed camber previously produced in the truss. 
^ 147. Action of a Rolling Load. — When a rolling load comes 
on at D, in the sketch below A C, the farther end F rises, the 
truss is carried by two supports, with one end overhanging, 
and the construction of the diagrams will follow the method 
described in § 97. As recently stated in § 145, A' E' C B' is 
the diagram for bending moment of ABC, the draw open, and 
also for the draw closed, but not raised at the ends by cams. 
By drawing T^ D' as the new portion of the polygon required 
by the load T D, we have D' T' E' C as the new equilibrium 
polygon. Any load on D E will not alter the bending moments 
in E F : hence C B' is still one of the closing lines, and B' D' 
must be the other required to complete this diagram. The point 
of contra-flexure is near T'. A line in the stress diagram drawn 
parallel to B'D' will give us the reaction at D, equal to ad; 
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and the lines dte with fc will determine the ordinates tai 
fihearing force. 

The farther end of the draw wiU rise stiU higher as the load 
advances over the first span, and finally reaches the centre pier. 
The progress of the load beyond this point, while it at the same 
time covers the first span, will cause F to move down again 
but the bridge will not touch the bearing on G until the train 
or other moving load has advanced a certain, often a considera- 
ble, distance over the free span, — sometimes more than one- 
fourth of the space from the centre pier. As, when the draw 
touches three points, another method of analysis must be 
applied, the important position to be determined is that of S, 
the front of the rolling load on I K L, when the end L of the 
beam is just forced down to its abutment. 
^ 148. Condition that Draw shall rest on Three Points. — 



Draw through K a tangent Q K N to the beam at that point. 
When the beam rests on th^ abutments, the vertical deflections 
at the ends from the tangent at K are N L and Q I. The points 
of support I and L are below the horizontal line R K O a dis- 
tance R I or O L. If we add I R to Q I, and subtract its equal 
O L from N L, we have a similar proportion to the one deduced 
for a two-span continuous truss ; namely, — 

Deflection N O : deflection Q R = K O : K R = l, or N = Q R. 

Now NL is proportional to the area moment of the span 
K L, as explained in § 104 ; Q I is proportional to the area 
moment of the span K I ; and O L or I R is proportional to the 
original area moment of either span before any rolling load has 
come upon it, or to the area C B' E' multiplied by the distance 
of its centre of gravity horizontally from the vertical through 
L. Call this area moment Co. The polygon I'E'L' being 
drawn, the condition that the end L shall rest upon the abut- 
ment is therefore satisfied when the area moment to the left 
of E' K' plus C c equals the area moment to the right of E' K' 
minus C c. This equation will determine the position of K', as 
in former cases. 



-/•- 
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To fin3 the distance E' K', or y<„ lor any position of the head 
of the rolling load between S and L : Draw a straight line from 
r to E^ and one from E' to U ; call the respective areas between 
these lines and the moment polygon A and B, A being the area 
belonging to the side which is entirely loaded ; and the respec- 
tive distances of their centres of gravity horizontally from V 
and 1j\ a and b ; then by the same course of reasoning given 
in § 106, and from the relation stated above, we have, letting I 
equal either span, 



Aa— iyoP + Co=iyo^ — Bb — Cc 

3 

57 



yo = A(Aa + Bb + 2Co). 



In the special case now under discussion it must be noted, 
that when we find a point K', satisfying the above condition, 
so placed that a line parallel to the last radiating line in the 
stress diagram to the extremity of the line of loads cuts E' K' 
above K^, the span has risen from the abutment ; for it is neces- 
sary that a parallel to K' U shall cut off some portion of the 
load line to give any supporting pressure on L. When one end 
of the span is off the abutment, the head of the load being to 
the left of S, see § 147. If the polygons are drawn as usual in 
these pages, I'E' being common to all of the polygons for 
movements of the head of the load from S towards L, we have 
A a and 2 C c constant, as well as the factor outside of the 
parenthesis ; so that for each new position of the load we have 

only to calculate the quantity ^ ^ , and add to the previous 

constant quantity, to obtain y^ = E' K'. 
149. Shaar Diagram, and Points of Contra-fleznre. — The 

shear is then readily obtamed. A load from I to S gives 
the diagram inlsc: when the load extends to L we have the 
symmetrical curve TE'V and the shear diagram auwhvc. 
The increase of rolling load from S to L diminishes the sup- 
porting force at I from alio a u^ and manifestly the supporting 
force at I wiU be a maximum when the span I E alone is cov* 



\ 
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ered by the travelling load. Parabolas drawn on the luniting 
lines of the shear diagram will give the maximum ordinates. 
An example will be given in detail soon. 

The points of contra-flexure will be found nearer the ends 
for given loads than in a continuous girder of two spans, as 
might be expected, since the load has first to overcome or 
neutralize the initial negative moments of flexure: conse- 
quently the bending moment over the centre pier is greater 
than in the case of a continuous girder. Most trusses for 
draws have a greater depth at the centre pier than at the ends, 
thus diminishing the chord-stresses near that point below the 
amounts which would exist in a truss with parallel chords and 
with an average height of this draw. If the variation of 
height is expected, by its effect on the moment of inertia at 
successive cross-sections, to seriously influence the deflection, 
the ordinates which make up the moment areas must be changed 
in the ratio of the change of I before the area moments are 
computed for the preceding equation for y^. In ordinary cases, 
the assumption of a constant moment of inertia will lead to no 
serious error. 

150. Draw with Locked Ends. — When the ends of the 
draw are prevented by locking bolts from rising from the abut- 
ments, the action will be similar to that produced by hanging 
an additional but variable weight at F, just suflBcient to bring 
F in contact with G. The greatest force will be required at F 
when the rolling load extends from D to E. It is readily seen, 
that, if F must always remain on G, the condition required for 
the previous case, § 148, instead of being limited to loads which 
give a pressure on L, must be satisfied for every position of the 
load from D to F ; that is, we must always have 

thus determining K'. If, then, the line to be drawn in the 
stress diagram, parallel to K' L', passes beyond the end of the 
load line, the additional length of load line required to meet it 
ivill be the upward pull on the bolt at L ; and this pull will 
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increase, commencing with zero for the head of the load at S, 
iintil the rolling load retires to K, and will then diminish to 
zero again when the load entirely moves off at I, This modifi- 
cation makes the only difference in the treatment of these two 
cases. In the shearing diagram, the amount of stress on the 
locking bolt, being opposed in direction to a supporting press- 
ure, is to be laid off at c upwards or at a downwards, and from 
its extremity will then be drawn a line parallel to and taking 
the place of cf or ah. This pull affects the stresses in all 
portions of the draw, and shifts the points of contra-flexure. 

151. Draw with Ends partially lifted. — Suppose that the 
draw, in place of being circumstanced as in § 146, is raised at 
the ends by cams, or jacks, but that the supporting forces do 
not equal those required by § 145, where A and C are on the 
same level with B. Find, from the known power applied to 
the cams, the amoimt of supporting force at each end when the 
•draw is imloaded; lay off these amounts, each on the proper 
«nd of the load line, and draw lines from the two points of 
division so obtained to the pole of the stress diagram, usually 
marked 0; construct the moment polygon for the imloaded 
spans ; and then draw lines from the extremities of the polygon 
to the centre vertical parallel to the lines just drawn in the 
stress diagram. The ordinates so cut off will be the ones 
required to determine the bending moments on the closed and 
unloaded draw, and the area moment on one side (or the 
moments on each side, if not the same, owing to different sup- 
porting forces at the ends) will represent the quantity to be 
used, instead of C c, in the equation for y^. 

The ends of the draw may be raised so as to give a pressure 
of more than three-eighths the weight of one span on each 
abutment. It will then be necessary to determine the amoimt, 
find proceed by the steps just described. 

152. Remarks on the Preceding Cases. — It is evident that 
the quantity Co is proportional to the difference of level 
between the centre pier and the end pier, and hence is related 
to the quantity v of the formulse in §§ 91, 180. From tho 
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peculiarily of the draw-span, that it may swing over the abat^ 
ments without pressing upon them when unloadied, this area 
moment is readily ascertained ; and, being of the same form as 
A a, &c., it makes the equation very simple. A general case 
might be made of the difference of level just referred to. If 
A and C are above B, we shall have the last case of § 151. If 
A and C are sufficiently above B, we shall have no pressure on 
B, and hence one single span, unless a tension can be exerted 
at B. If A and C are level with B, C c will equal zero, and 
we have the case of § 145. If A and C are below B, we have 
the cases of §§ 146 and 151. An equation formed from that 
of § 106, by introducing two terms in C c, one for each span, 
will apply to this general discussion, and will give us, when the 
spans are equal, the equation of § 148. 

153. Example. — To illustrate the principles thus far Isdd 
down, let us take a draw-span represented in Fig. 61, and find 
the stresses on the different parts under the case of § 150. 

■ 

The draw is 240 feet long, making two spans of 120 feet each 
(= Z) divided into twelve panels of 20 feet each. The height at 
the centre is 25 feet, and at the ends 20 feet. The dead weight 
is assumed at 10 tons per panel of one truss, and the live load 
is also 10 tons per panel. Simple data are taken for brevity, 
and to keep a small figure distinct. To have the moment 
curves well separated, let H = 60 tons. The load line 1-2 is 
240 tons, the maximum load ; and is opposite its middle. A 
and C carry 10 tons each, the other joints 20 tons each, when 
loaded. A' M C is the polygon for the fully-loaded draw. 
Through M draw A'^ M C for the draw unloaded : the side of 
the first polygon at M, which is parallel to 0-7, being commor 
to both, construct this polygon each way from M, with ten tons 
per joint, terminating at C" and A" with lines parallel to 0-8 
and 0-9. As five tons, when the draw is free or open, are car- 
ried at A and C, draw from A'' and C the lines A" B'' and 
C" B" paraUel to 0-5 and 0-6. The ordinates between A'' M C" 
and A''B"C" are proportional to the bending moments at 
different points of the draw open, or closed and unloaded 
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Calculate the area A'^MB^' = C; find the distance of its centre 
of gravity from the vertical through A, and denote it by c. 
(See § 105. As the angles of A^^ M lie in a parabola, c may 
be taken as f A B. By subtracting a parabolic segment fron} 
a triangle, the centre of gravity of a parabolic spandrel is easily 
obtained, as above. The small portions, by which the polygon 
differs from the curve balance about the centre of gravity of 
the segment; and hence, if the area A, bounded by the polygon 
and the straight line connecting its extremities, is computed, 
the exact position of the centre of gravity of the area C, found 
by subtracting this first area from the triangle, is given.) 

Draw a straight line from A^ to M, and find A, the included 
area between it and the polygon A' M ; a = J A B is the dis- 
tance of its centre of gravity from A : then, since B b = A a 
for a full load, the formula of § 150 becomes simply 

Lay this value off at MB'; draw A'B' and B'C, and thus 
determine the bending moments for the draw closed and 
loaded. Draw a straight line from C" to M ; compute B for 
this side ; and, using A as before, find 

A' B''' and C B% as weU as A" B''' and C B''\ wiU give the 
bending moments when one span is loaded, and the other 
unloaded. 

Draw from lines parallel to those which meet at B', B'', and 
B% thus finding the supporting forces, and plot them at a, J, 
and c. These reactions will be ae^fo^ and d c^ when both spans 
are loaded ; ak^i x^ and n c^ when A B is loaded, and B C un- 
loaded ; al^mSy and g c^ when the load is upon B C alone. The 
maximimi pressure at A must be a k^ and the maximum shear 
on the locking bolt or tension on the abutment is aZ. The 
lines a h and I m are inclined at 10 tons per panel run, and ef 
and k i at 20 tons per panel. The distance a I must equal ekhy 
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§ 120. Parabolas drawn on these tangents as usual, beginning 
in the middle of the first panel from each point of support, will 
complete all necessaiy lines in the shear diagram. As the two 
halves of the draw are alike, the diagram for one-half is su£5- 
cient. To construct these parabolas, see § 118. 

154. Discussion. — If the draw had parallel chords, the 
diagrams would now be completed ; but, owing to the changes 
of depth, other moment polygons are needed. Those on the 
left span are drawn for loads extending from A to the joint 
whose letter stands at their left extremity ; those on the right, 
for loads extending from B to the joint whose letter is placed 
at their right extremity : by combining these polygons with a 
full load polygon, or an unloaded polygon on the other side, or 
with one another, any variation of loading is obtained. As a 
load on B does not alter the bending moment, the polygon for 
a load which includes P becomes the one from A'. Quite a 
number of pier ordinates have been plotted, after calculating A 
and B as usual ; and enough are given here to show the move- 
ment of the lines. The shears for partial loads can thus be 
obtained directly, if desired ; and the maximum moments can 
be scaled. The statement affixed to the shear parabolas indi- 
cates the loaded portion for the maximum shear in each panel. 

As the load advances from A to B, then, the span B C being 
fully loaded, we find that the ordinates for the maximum shears 
in the successive panels occur immediately in front of the load, 
and terminate in the points u^ v, Wy &c., of a parabola described 
on the Unes Ip and pf, and ending in the middle of the first 
and last panels. If B C were unloaded^ these ordinates would 
terminate in a parabola drawn on aq and qi; but, as the for- 
mer parabola includes the latter, the former alone is wanted. 
As a load on B A alone will cause a greater reaction at A than 
when B C also is loaded, therefore the increments of load from 
B towards A, whUe B C is unloaded, will give us points on a 
parabola drawn on kq and q h. Similar curves might be drawn 
on ^ r and rg^ or and r n. 

The point of contra-fiexure, advancing from the outer end aa 
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41 load enters upon the draw, will be seen to move no nearer 
the centre pier than the third panel from the end: conse- 
quently KR will always be in tension, GB will always be 
compressed, while D E and A G must be designed to with- 
stand either stress. The maximum ordinate at any joint being 
readily selected from the figure A' M C C B' A", and multiplied 
by H, if we divide by the height of the truss at that joint we 
shall have the horizontal stress on that side of the joint not 
touched by the diagonal in action at the time. The horizontal 
component in the inclined chord must be increased in the ratio 
of the actual length of that portion of the chord to the length 
of a panel horizontally, in order to obtain the direct stress. A 
ourved piece may be treated as straight between the two joints 
for finding the direct stress : its curvature introduces a separate 
bending moment on the piece itself. 

155. Wab-Stressea — Finally, to find the stresses in the 
•diagonals and verticals, compare § 63, &c. Take, for example, 
the pieces L Q and P Q. The maximum shear in the panel 
L P will be the ordinate from ab to w : lay off this ordinate 
from t^ to in the lowest figure. This shear will be caused by 
^ rolling load from A to L inclusive, together with one from B 
to C : as it is negative, it is plotted downwards. The moment 
polygon is L' M G\ and the ordinates for bending moment under 
that load at L and P will be V W and P' Q'. Multiply these 
ordinates by H, and divide by L N and P Q respectively ; thus 
•obtaining the horizontal stress towards N and the stress in P L. 
Lay off 1^^ L equal to the latter, and, drawing o Q parallel to 
N Q, make the horizontal distance of Q from o equal to the 
former. Negative shear and negative bending moments turn 
this diagram around, and bring the top chordnstress at the bot- 
tom of the diagram, or the reverse of Fig. 81. K no error has 
been made, Q L, when drawn, will be parallel to Q L of the 
truss, and will give the amoimt of existing tension ; while the 
line marked P Q, drawn vertically from L, will be the stress in 
the vertical P Q. The remainder of the figure applies to the 
ether pieces of the web, as shown by the letters. B R will 
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undergo doable the compression shown in the diagram, as it 
resists the action of the inclined pieces in both halves of the 
draw. 

156. Remarks. — A study of the diagrams of Fig. 80, and 
the explanations therewith, will show what modifications would 
be introduced in Fig. 61 by the inclination of the bottom chord, 
the substitution of struts for ties, or of a load on the top chord 
for one on the bottom chord. . On account of the existing 
shears and moments, the inclination of the chord, opposed tc 
that of Fig. 30, is favorable to the ties. In some examples 
with more numerous panels, joints near the pier may be sub- 
jected to maximum negative moments by partial loads, as 
explained in § 111. If all the polygons are drawn as here, the 
maximum moments can be selected at sight. 

157. Changes by Omission of Bolt. — Without drawing 
other diagrams, we can determine, by inspection of Fig. 61, 
what changes would be effected in the draw by the removal of 
the locking bolts, bringing it under the case of § 146. Both 
when the draw is entirely loaded, and when the rolling load is 
altogether removed from the draw, there is no force exerted on 
the bolts. The absence of the bolt will, therefore, make no 
change in the position of B' and B". The point B'", found 
when one span only is fully loaded, will be situated a little 
nearer M, owing to the omission of the moment over B caused 
by the pull on the bolt multiplied by the span B C. The point 
of contra-flexure will, therefore, come somewhat nearer the cen- 
tre pier ; and, if it gets into the next panel, the extent of chord 
subject to but one kind of stress will be diminished. All the 
values of y^ which would give any pull on the bolt, and which 
correspond to loads on any portion of R S, Fig. 60, will be 
slightly less. 

As luvf is the curve for a load advancing from A while 
the other span is fully loaded, and as, under these circum- 
itances, the holding-down bolts cannot be in action, this parabo* 
la Will not be changed. When A B, and it alone, is covered 
with a rolling load, the supporting force at A is diminished by. 
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the amount of the pull no on the abutment at the other end. 
Remove the bolt at C, and the point k will now be found to 
have moved farther from e by the amount nc or al: that is, 
to find kj lay off Ik from a. This increase ojf supporting force 
at A will affect the shear at all points of the span, when A B is 
loaded, by just this amount ; and therefore k i will move par- 
allel to itself to the new distance from a, just stated. The 
parabola k h will rise to its new lines, increasing the shear in 
panels near A. 

158. Draw of Thrae Spans. — It is more common to design 
a draw-span with a middle panel, and to carry the trusses on 
two transverse beams or girders which are placed directly 
beneath the joints of this panel. In this construction the open 
draw is supported at two points equidiotant from its middle ; 
and, when closed and loaded, the draw may be carried by the 
abutments also, being thus divided info three spans, — two 
usually equal end spans, and one short middle span of the 
length of the middle panel. The transverse beams will rest at 
four equidistant points upon a deep circular girder, which, in 
turn, is either carried by the pivot, or rests directly upon the 
live ring of wheels below the girder. In some cases the attempt 
is made to distribute the weight between the ring and the pivot 
in some desired proportion. We propose to treat in this section 
the case where the draw rests directly upon the wheels. 

We draw, as before, the moment polygon for the unloaded 
draw open, or closed, but not bearing upon the abutments. 
This construction is seen at A' D^ T' S', Fig. 62. In any deter- 
mination of the pier ordinates for a partial or complete load, it 
is necessary to know the area moment which indicates the 
difference of level between A and B. Let the span A B = Zj = 
C D ; the span B C = I2. The draw, when open, has a horizon- 
tal tangent at E, its middle point. If C c is the area moment 
of A' B' S', and D d the area moment of B' S' U' E', both about 
A, we have the 

deflection of A below E = A S is proportional to C o -|- ^^ d> 
« B " E = ST « « D(d — /i): 

** A « B = TA " " Co4D/i. 
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159. Values of Pier Ordinates. — Wlien a load come» upon 
the draw, and the ends are in contact with the abutmentst 
either exerting a pressure there, or locked down, we shall have 
the condition of things represented by the lower figure. Upon 
drawing the tangents to the curve of the beam (L N at G, and 
O P at I), and noting that Q F = R K = T A, we may write twa 
equations for t/i and ^21 ^^^ ordinates at G' and I', referring to 
§§ 104 and 124 for the general form, and denoting by A a and 
B b the area moments of each span li cut off by F' G' and K' V 
as before : — 



6 '• 



PR_ PK + KB _. Bb--^ya/i^ + Cc + D/i _/i 

6 * 

Clearing of fractions, transposing and factoring, we easily 
deduce 

2(/i + /0yi + ^ay«=6(^ + ^ + D). (1) 

i^.yi+2Gi+«y»=6(?^^ + ^ + D); (2) 

which equations are very readily solved for any given case. As 
a, by and c are fractions of 2i, the second members are simple. 
By adding and subtracting, if more convenient, we at once 
obtain the half-sum and half-difference of yi and f/^^ 

G' O' and T W being thus obtained, the lines F O' and K' N' 
will determine the moments, the reactions, &c. The polygon 
for the unloaded draw has been added to this diagram. 

160. Special Treatment — In case the end of the span, for 
instance at K, is not locked down, it may rise when a load 
enters at F. This will be indicated by obtaining a tension in 
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place of a pressure for the reaction at E: tten K'W mi^t be 
drawn parallel to the line from the extreme end of the loa(J 
line to the pole, giving an independent value of t/^ which u 
then to be substituted in equation (1) above, and the value of 
t/i at G thus obtained. 

It may rarely happen in some designs, under a very heavy 
travelling load, that, when there is no locking bolt to prevent, a 
load on tiie span F G may raise the draw, not only from K, but 
also from I. This occurrence will reduce the draw to a truss 
of the span F G, with the portion G K overhanging, § 97. In 
that case the straight line E^ N^, referred to in the first para- 
graph of this section, will be continued to the vertical through 
G' ; and any value of y^ obtained as above, which is greater 
than the ordinate intercepted at G' by this line, cannot exist, 
for tension would then be necessary at E. 

Again : it is plain, that, if I' N' or ya is small enough, O' N' 
and N' E' may become one straight line when the lines which 
(Alt off the reaction at I from the load line coincide, giving a 
pressure of zero. It may be possible, therefore, when locking 
bolts are used, and sometimes when they are not employed, that 
a sufficient load on one span, as F G, may reduce the pressure at 
I to zero, lifting the draw and circular girder from the wheels 
on tha fc side : hence if N', as found by the above equations, falls 
neare/ T than a straight line from O' to E' would locate it, ten- 
sion ^f ould be necessary at I to keep the girder on the wheels. 
As t)ds force cannot be supplied, the draw for that given dis- 
tribution of load must be treated as a draw of two unequal 
spans, F G = Zi and G E = Zi -f-Zj. The equation of § 148 then 
becomes, upon substituting the proper quantities, 

Aa — jyi/i' + Co + D/i __ k 

in which B' is the area cut off by a line from E' to G', and b' is 
the distance of its centre of giavity from E. From this equa- 
tion is deduced 



yi= 



3 /Aa . Co, ^_|_ B^V , Co _j_ T>li \ 
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This ordinate is to be plotted at G^ O^ and lines drawn from Of 
to F^ and K^ The preceding statements indicate when one 
and when another of these equations is applicable. The shear 
diagram can then be constructed, and the case completely 
solved. If the ends are raised by cams, &c., C c is to be found 
from the known reaction, as in § 151. 

161. drcQlar Oirder caxxied by Pivot; Draw of Two 
Spans with Tipper. — Where the weight on the circular girder 
is transferred directly to the pivot, the wheel-ring is placed 
below the circular girder as usual ; but sufficient clearance is 
allowed between the lower flange of the girder and the wheels 
to prevent any weight from resting upon them when the draw 
is closed. When the draw has swung off from the abutments 
in opening, the wheels will check any extreme oscillation of the 
draw. So far as the truss itself is concerned, it is supported, 
when open, upon two points a centre panel length apart, as in 
the previous case ; and, when closed, upon the abutments, and 
on two points, which, under an unsymmetrical load, change thek 
elevations by the rocking or tipping of the circular girder on 
the pivot. These two central points are, consequently, not at a 
constant elevation above the abutments. If Fig. 63 represents 
this case, it will be seen that the only point which does not 
change its position on the supposition that the points B and C 
in contact with the beam, in shifting to E and L, move in a 
vertical line, is the point T, midway between and in the straight 
line joining B and C, or K and L. All deflections will be 
referred to this point. (The above supposition is the custom- 
aiy one in investigating flexure of beams, that the span is 
unchanged, or the curved line is the same in length as the 
original straight one.) In the beam A D, therefore, we propose 
to use the deflection of A from a horizontal line through B, 
that is, G A or FA — F G, and then to write the usual pro- 
portion for the beam I N, referred to a horizontal line P X 
through T. 

162. First Conditioii for Pier Ordinates. — When the tippei 
B C, which rocks on E, is level, the draw being open, or closed 
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and unloaded, the distance GA will, by the notation of the 
previous section, be proportional to C c + D ^i = deflection of 
abutment below B when B C is horizontal. These areas are 
marked in the figure, A'FB' = C and FG'E'B' = D. In 
endeavoring to determine the two moments or pier ordinates at 
K and L for a partial or complete load, we must establish two 
conditions involving the two unknown quantities. One condi- 
tion is especially simple. As the pivot or fulcrum of the lever 
K L is midway between E and L, it follows that the reactions at 
these two points must be equal to one another. If we suppose, 
for the present, that F E' JJ W are the desired closing lines, let 
us prolong K' U until it meQts the verticals from T and N' at Q' 
and U'. Upon drawing lines 0-8, 0-4, and 0-6, in the stress 
diagram, parallel to T K', K' L', and U N', the two intercepted 
parts of the load line cut off by these three lines must be 
equal. If, then, the vertical sides of the two triangles just 
constructed in the stress diagram are equal, and the side 0-4 
parallel to E' U is common to both, the vertical sides of the 
similar triangles FQ'K' and L'U'N', which have Q'K' = 
U U', must be equal, or I' Q' = N' U' : hence K' U wiU always 
be drawn parallel to the original closing line TW; and this 
condition must be satisfied for a draw of two equal spans. If 
the spans are unequal, it follows that T Q' : N' U' = I K : L N. 
As this condition fixes the direction of K'L^ it will only be 
necessary to find one ordinate to it at the most convenient 
point to completely solve the problem. 

163. Second Condition for Pier Ordinates. — If lELN 
represents the loaded draw, K and L the rocking supports car- 
ried by O, S the middle point of the beam^ and T the point 
below it in the straight line K L, this point T is above I a dis- 
tance P I, equal to G A, the original deflection of A below B, 
the measure of which was given in the last section. Draw the 
moment polygon TS'N'; cut off the area A by the straight 
line VR\ and the area B by the straight line N'V^ Let 
TK'L'N' be the desired closing lines; draw TS' and S'N'; 
also draw the vertical S' T. Let area R' TS' = K; S' V'N' = 
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N; R'K"FS' = B; T'L'V'S' = r; and denote the distances 
of their respective centres of gravity horizontally from F and 
N' by the usual small letters. 

Drawing a tangent Q U to the bent beam at S, and a line 
R V parallel to it through T, we have, if P X is the horizontal 
line through T, 

PR = VX,orQI + IP+QR = UN — NX — UV. 

Now, IP = NX = GA has been proved proportional to 
Oc + D^i; QR = UV, being the deflection of K below a tan- 
gent through S, is proportional to E (e — 1{) ; Q I is measured 
by the area moment to the left of S' T', or A a -{- K k — 
(K k + J R' K' . Zf -{- B e). A similar expression on the right 
of S"iy will measure UN. Substituting these values in the 
above equation, noticing that the areas K and N cancel outy 
and remembering to write moments on opposite sides of the 
tangent with opposite signs, we get 

Aa — iR'K'./i» — Be-fCc-fDZi + B(e--/i) = 

— Bb + i V'L'. y + pf — cc — DZi — P(f — /i); or 

J(R'K' + V'L0y+(B-fP)/i = Aa + Bb + 2Cc + 2D/i. 

From the figure we see, that, since R'V is a straight line^ 
B + r = ^ (R'K' + V'LO l^ = S'T.k = !/oh; so that the 
above equation may be written 

which is identical with (3) § 159. 

The construction with the tipper or rocking circular girder 
then becomes simply. Make S'T' equal to y<„ draw K'L' par- 
allel to r N', and complete the figure with T K' and L' N'. The 
shear diagram for this load is seen below. 

164. Special Treatment. — When the end of the draw is 
not locked down, all loads on one half of the draw, and even a 
portion extending upon the other half, will cause the unloaded 
end to rise from the abutment. It will then only be necessary 
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to draw a line from that end of the polygon which belongs to 
the free end, parallel to the line from that extreme end of the 
load line to the pole ; and from the point where it cuts the first 
centre pier vertical draw the usual line K'L' parallel to the 
original closing line I' N'. See the dotted lines of this diagram. 
Such a construction becomes necessary, if a bolt is not em- 
ployed, as soon as N' L', located by the formula of the last sec- 
tion, determines a tension at N, or, in short, when it faUs below 
what would be a tangent at the point N' to a curve drawn 
through the vertices of the moment polygon. 

165. Remarks. — In case the ends of the unloaded draw 
are lifted by known reactions, the value of O is readily ascer- 
tained, and the investigation will then proceed as before. 
Some draws have been designed with the intention that a cer- 
tain portion of the weight on the centre pier should be carried 
by the pivot, and the remainder by the wheel circle. Although 
it is doubtful whether the desired adjustment, if obtained at 
first, is permanent, the last two cases, of a three-span draw and 
a draw with tipper, can be combined. The safer way will be 
to provide for the maximum stresses imder either contingency, 
with the probability that the wheel circle will finally carry the 
greater part of the weight. The moment diagrams of the two 
eases can be readily superimposed, as the closing lines for any 
particular load coincide at T', Fig. 63. 

A careful analytical investigation of draw-spans may be 
found in "Continuous, Revolving Drawbridges," by Clemens 
Herschel, Boston, 1875, and an excellent paper on " Turn-Tables 
for Draws," by C. Shaler Smith, in Transactions Amer. Soc. of 
(y. E., August, 1874, vol. iii.. No. 4, xcii. It is probably unneces- 
sary to amplify further, or to contrive other methods of support 
or construction. The flexibility of this method of area moments 
has been shown, and any one who understands what precedes 
will have no difficulty in making the application to any special 
modification. The diagrams will resemble in most particulars 
those already given in Fig. 61, slightly modified by the double 
pier moments. 
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Bending Moments on Fins — If the forces which act at any 
one time, in the pieces assembled upon a pin at a given joints are 
decomposed into horizontal and yertical, or rectangular components, 
one set of components may be imagined, revolved through a right 
angle, and they may then be plotted on two load lines with the same 
JI, and moment polygons may be drawn on the two sides of a hori- 
zontal line which represents the pin. Then can the resultant 
moment at any section, and the maximum moment, be found by 
constructing a right-angled triangle, whose legs are the two moments 
at the section ; the hypothenuse, when multiplied by IT, will 
measure the desired moment. The best arrangement of pieces on 
the pin, and the utility of introducing a middle bearing, if the 
moment would otherwise be large, can then be studied. 

A convenient rule, to be followed as much as possible, is to pluce 
those pieces in juxtaposition whose stresses tend to balance one 
another. Thus a diagonal should come between the vertical and the 
chord piec3 which resists its stress. Chord bars in adjacent panels 
should alternate on the pin. 

The following construction illustrates a graphical method for 
finding the desired resultant moments, and hence the maximum 
moment. 

As the pieces acting on any well-designed joint are symmetrically 
arranged, it is unnecessary to consider more than one-half of their 
number, and the sketch of the portion of a joint shown on p. 179 
illustrates the disposition of the pieces. The sketch, it is hoped, 
will also enable the reader to readily catch the idea of the relative 
position of the two bending moment diagrams. The pieces are 
parallel to the plane of the paper, and the pin is perpendicular to 
the same, but drawn in perspective, as it were, at an angle of 45"* 
with the horizontal and vertical lines. 

Then will AB represent the axis of the pin, and the arrows the 
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directions of tbe forces in the bars and post, tbeir poiota of appli- 
cation along AB being laid off by scale at the centre Unes of the 
respective pieces. The bars are heie aasamed to be each one inch 
thick and the channel's web to be one-half inch. Tbe oblique force 
is decomposed graphically into two rectangular components. 

In the stress diagram the horizontal forces are laid ofi in the 
order in which they occnr, and in their proper directions, Tiz., 
1—2, 2—3, 3—4, and 
4 — 1, closing on tbe 
point of beginning. 
Similarly, the vertical 
forces are laid off from. 
1 as a starting-point, at 
1—5, 5—6, and &— 1. 
The line 1—0 is then 
drawn at 45°, repre- 
senting a perpendicu- 
lar to 2—3 and 1—5, 
and made of a conven- 
ient length, here 20,- 
000 lbs. 

BENDINO MOMENTS ON PJN3. 





From the stress diagram 2 3 the eqnilibrium polygon CDF 
tor horizontal forces is drawn, starting at the first horizontal force 
C with a line parallel to — 3, and ending with one parallel to — 1, 
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and hence parallel to AB. From the stress diagram 1 5 is 
obtained the equilibrium polygon for vertical forces, beginning at 
the first vertical force with a line parallel to — 5 and ending with 
one parallel to — 1. If one remembers that any side of an equilib- 
rium polygon is parallel to the line in the stress diagram which 
runs to that point of division on the load line common to the two 
forces at the extremities of the side of the polygon, no difficulty 
need be experienced in the construction. 

At any point of the pin, the vertical and the horizontal ordinate 
will have for their resultant a value equal to the hypothenuse of 
the right-angled triangle of which they are the legs. Hence it is 
easy to see, or to ascertain by scale, that OF will be the longest 
hypothenuse which can be drawn ; and this hypothenuse multiplied 
by — 1, or 20,000 lbs., gives, in this case, 60,050 inch lbs., as the 
maximum bending moment on the pin. 

If one desires to try the efifect of changing the order of the bars 
on the pin, it can readily be done. Suppose the diagonal tie to 
change places with the next chord bar. The horizontal stress 
diagram then becomes i — 2, 2 — 3, 3 — 4', and 4' — 1. The equilib- 
rium polygons will now be CDEL and NIX; and the maximum 
hypothenuse is JEX, giving a moment of 80,000 inch lbs., showing 
that the change is for the worse, although the horizontal moment 
is diminished. 

This method is useful also in cases where the pin should be 
treated as having three points of support, and in other problems of 
forces not parallel. 

A Retaining Wall for Earth. — ^The principles underlying 
this method of designing a retaining wall may be briefly given if 
the explanation is limited to necessary points. 

1. If, in the interior of a body, we select a small prismatic por- 
tion of cross-section ABC, Fig. 1, p. 182, and if we know that the 
stresses on the faces -4 C and CB, at right angles, are pressures 
perpendicular to those planes and equal in intensity per square inch 
or square foot, the pressure on the face AB must be perpendicular 
or normal to it, and of the same intensity as on the other faces. 
IFor, if we multiply the area of the face -4 C by the pressure, p, per 
square foot, and lay it off by scale in the proper direction, as the 
force OD, and likewise the area of face CB multiplied by^ as the 
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force OE, the diagonal RO ot the rectangle must give the direc- 
tion and magnitude of the force on the third face, AB, which will 
balance OD and OE ; and as triangles ABC and ORD are sim- 
ilar, OR is perpendicular to the face AB, and the intensity of 
pressure on AB will be OR -r- AB r=ip. 

This case applies to fluid pressure, which is always normal to any 
plane, and of constant intensity for a given depth. 

2. If, on the other hand, the force on the side A'C of a similar 
email prismatic body A'B'O is of the opposite kind, tension, but of 
the same intensity, jo, as before, we must draw OD' in the opposite 
direction, and find R'O as the force on the face A'B'. Then, since 
the triangles A'B'C and R'D'O are again similar, the intensity of 
stress on plane A'B' will still be R'O -ir A'B' = p, but its kind, 
tension or pressure, will be that of the line, OD' or OEy to which 
it lies the nearer. In the sketch it is tension, as is evidently nec- 
essary to keep A' B' O in equilibrium. It will also be seen that the 
direction of this stress will make the same angle with the original 
stresses as in the case ABC, where they were pressures, but in the 
opposite direction ; that is, angle R'OE = angle ROE. 

3. Next, if the normal pressures on the two faces AC and CB, 
Fig. 2, are unequal, and we suppose that p^ per square foot on CB is 
the greater and p, on -4 (7 is the less of the two, we may find the 
direction and intensity of the pressure on the face AB hj the fol- 
lowing construction : 

Let the intensity of the pressure on face OB be divided into two 
parts, one equal to ^ {P\ + p^ and the other to ^ {pi —p^, as indi- 
cated in the sketch. Similarly, the intensity of pressure on face 
-4 (7 may be divided, as shown, into ^ {pi + p^ and — i (j»i — pi^. 
The intensity of pressure on AB to balance the portion ^ {pi-^- p^) 
on CB and also on CA must then be, by § 1, the same, or MOy 
laid off perpendicularly to A B. The intensity of stress on AB to bal- 
ance the remaining portions, a pressure of ^ {pi —pi) on CB and a 
stress of — i {pi — pi), or tension, on CA, must be, by § 2, a stress 
TO or RM of the same intensity, i (pi — jp,), but making an angle 
equal to 80M with pi, but in the opposite direction. The angle 
If MR corresponds with ROR' of Fig. 1. 

This angle can be readily found by taking Jf as a centre, MO as 
radius, and describing an arc OS to cut the line pi ; when MS, 
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A RETAINING WALL FOR EARTH. 
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drawn through S, will make OMS an isosceles triangle^ and the angle 
at 8 will equal that at 0, Then lay oflE MB = i{pi — pt), to satisfy 
§ 2. The resultant pressure onAB will be given in direction and in- 
tensity hj BO =p, which is evidently the resultant of BM and MO, 
since these two components act on the same unit of area of plane 
AB. This resulting intensity of stress BO, or p, on plane AB, 
which balances ^1 on CB and^s on AC, makes an angle NOB with 
the normal JVO to its plane. 

4. If, for a given jt?i and ^29 any number of planes AB are tried, 
at various angles with AC or CB, the triangle OMB, constructed 
on the normal to the plane AB, will change its angles and the length 
of BO, but not the lengths of i2Jf and MO. Hence the greatest 
possible value of the angle MOB will occur when MB happens to be 
perpendicular to OB, and that value will give the greatest possible 
obliquity of the pressure on any plane, for given values of ^1 and pi^ 

5. If the material under consideration is earth, and it is assumed 
to be held in place by the friction alone of its particles, one on 
the other (the adhesion arising from moisture being neglected as 
always uncertain in amount and sometimes possibly absent), the 
greatest possible obliquity of pressure, consistent with equilibrium 
on any plane in the mass of earth, cannot exceed what is known as 
the angle of repose ; for, if it did, sliding would take place along 
that plane. 

6. Let a plane be passed through F, Fig. 3, parallel to the 
surface of the ground DL The pressure on every square foot of 
this plane is vertical, and due to the earth above it, of depth KP. 
But the prism of earth resting on a square foot of this plane has a 
less horizontal cross-section than one square foot, and the ratio of 
the intensity of vertical pressure on the plane through P to the 
weight of a vertical column of earth one square foot in cross-section 
will be that of the normal PB, drawn from P to BI, to PJT. 
Hence, revolve PE to PO, and OP will represent, in feet of earth, 
the pressure per square foot of the plane through P parallel to the 
surface of the ground. 

If we knew what and where pi and jt?2 were on such a prismatic 
body at P as we have previously considered, the plane previously 
denoted by AB being now the one that passes through P parallel to 
the surface of the ground, we could, by § 3, lay off on the normal 
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PN the distance PM=. i (i>i + p^, and MO would be J (^i — pa) to 
close on OP or p. But by § 5 the greatest obliquity of stress to the 
normal to any plane cannot exceed the angle of repose of the earth. 
Hence, if PI is drawn, making that angle with PNy the distance 
MO must, if applied at MO, make MOP a right angle. Therefore 
^nd by trial a centre Jf from which a semicircle NOQ can be drawn 
throug:h and tangent to the line PI, Pilf will then be |(^i + /?,) 
and MO, J (^i — ^«). By § 3, the direction of pi will be parallel 
to the line ML drawn bisecting the angle NMO, 

7. It may be remarked in passing that PH = p2 and PN =pi, 
acting on the two right-angled faces of the prism at P, respectively 
parallel and perpendicular to the direction of the line LM; that 
Pi is the least pressure which is consistent with equilibrium, and 
that it is the one exerted by earth at rest under the action of its 
own weight only. Blows applied to the surface and vibration will 
probably increase the pressures. 

8. To find the centre of pressure and the direction and intensity 
of pressure pn any bed-joint of a retaining wall, weighing w' per 
cubic foot, pressed at the back by earth of a weight w per cubic 
foot and of a given angle of repose, proceed as follows : 

The bed- joint is AB, Fig. 3, carrying the weight of masonry 
A BCD, whose centre of gravity is at T. To find T, draw diagonals 
A C and BD ; bisect each at 1 and 2 respectively ; lay off A — 4 = 
C — 5 and B — 3 = D — 5 ; connect 1 with 4 and 2 with 3 ; these 
connecting lines will intersect at the centre of gravity, T, 

9. At a point P, the same distance KP below the surface of 
the ground that A is, make the construction of § 6, that is, draw 
PJV perpendicular to DI, and P/ making with PiVthe given angle 
of repose. Bevolve PB to PO, draw a semicircle, with centre on 
PNy through the point and tangent to PI. Bisect the angle 
NMO by LM. 

10. Now find the direction and intensity of pressure at A on the 
plane AD, by § 3, noting that A is similarly situated as P. To do 
80, draw AQ perpendicular or normal to AD ;lay oS AQ = PM = 
i {pi + jpa) ; draw AS parallel to LM, that being the direction of 
Pi ; from Q as centre, with radius QA, draw an arc cutting A 8 at 
S ; draw QS and lay off on it, from Q, MO = QB = i iPi—Pi) ; 
connect B with A, and BA will be the direction and intensity of 
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pressure per square foot at A on back of wall, in terms of cubic feet 
of earth, so that, if RA is measured by the scale of drawing and 
multiplied by the weight of a cubic foot of earth, the pressure on 
back of wall per square foot at A will be given. 

As the pressure at back increases regularly with the depth below 
surface of ground, the centre of pressure will be at X, one-third of 
the slant height from A, and the total earth pressure against one 
foot in length of wall will be J {AD x AR). 

11. Draw XUW through X, parallel to RA, and let fall TV 

vertically through T. Make UV = {AB -h CD)— and UW = 

AR^^ Complete the parallelogram UVYW. UYw'iW be the 

direction of the resultant pressure on the bed- joint AB, and the 
point Z where it cuts the joint will be the centre of resistance or 
pressure. The total pressure on the joint will be found by multi- 
plying UY by one-half the height of the wall above AB and by the 
weight of a cubic foot of earth. 

12. If one thinks that the centre of pressure is too near the 
front for safety or too near the middle of the joint for economy of 
masonry, change the section by drawing DA' or DA" and try again, 
§§ 8, 10, and 11. A second trial will usually suflSce. 

13. If the distance BZ is more than one-third of BA, tho max- 
imum intensity per square foot, at B, is 

_ 2 X total pressure/- 3BZ\ 
AB V AB-J ' 



P 



If the distance BZ is less than one-third of BA, the maximum 
intensity, supposing the cement in the joint to offer no resistance to 
tension, is 

„ total pressure 
P = ^' BZ 

If this intensity is greater than the masonry can safely resist, 
make AB wider and try again. 

AD 

* The ratio -pp may be called unity without serious error, unless the wall 

Jias a strong batter at rear. By the use of the above factors, UV represents 
weight of wall, and UW the total earth pressure at back of same. 
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The wall will be satisfactory to many engineers if BZ is some* 
what greater than \ AB. A margin of safety is thus left for an 
increase of pressure beyond the hast pressure here used. 

The obliquity of UY to the perpendicular to AB will determine 
the tendency of the wall to slide forward. If such sliding seema 
likely to occur, the bed-joint AB may be inclined backwards. 

The above constructions are simplified when the surface of the 
earth is horizontal, and also when it slopes at its angle of repose. 

Extent of Uniform Zjoad to Produce Maxinnim Stress in a Brace.— 

It may be interesting to offer an analytical investigation into the extent of a 
uniform load which shall produce the maximum stress on a brace of a trusa 
of any form. The general steps of this treatment, substantially as here 
given, were contributed by 8. W. Salmon -to **The Analyst'' for February^ 
1874. 

Let the span A B of the truss, Fig. 36, = /, the distance A C to any 
joint = a, and the distance A D to the next joint = 6; let the height F 
of the truss at C = h', and of D £ at D = h". Let H' = horizontal force at 
the section at C, and H" = the same at D. The difference between H' and H" 
is the horizontal component of the stress in D F. Let uf = moving load per 
unit of length extending from A a distance x. The upward reaction at B = 

-n-j- We may have three expressions for H' — H" ; one when x is less than 

a, one when x is greater than 6, and the last when the value of x lies be- 
tween a and h. In the first two cases H' — H" will increase as x approaches 
a and h respectively, and there is no absolute maximum. But the last case 
has a value of x which makes H' — H'' a maximum. At that time 

H>=J^.C^;H'={!^.a-«)- '^ <'-")• } ^y 

h'\ 21 2)' 

n' - H" = ^(a :c - 1^ - ^ - ^, (k^, to be made a maximnin. 

Differentiating relatively to x, and putting the first differential eo-efl^ent 
equal to zero, we get 

a a£ (/ — li) X Q 

h' ¥1 "Wl ' 

Substitute in the value of H' — H'', which then becomes 

H' - H" (max.) =i^ j ^^-'^/^'^^V)^' }. in the most general foim. 
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Applicatiozis. — If the truss has parallel chords, h' = h" = h^ and 

H' — H" (max.) = — M ^~^ I. 

VLh — a s=p, a constai.t panel length or half-panel length, as the case may be, 
issz'Spf and a=n p.* 

TT, Tiff u/ a^p u/ n'jp* 

""2A(/— i?)'"2A(N — ly 

The shear >, which is the other component of the stress in the brace, will 
4>e to H^ — H" in the ratio - : hence 

This expression is the ordinate to a parabola which is convex to the hori- 
:sontal axis, has its vertex at one abutment and its extreme ordinate, when 

^c=rnp = (N — l)Pf becomes — ^ — u/ p, coincident with the ordinate for 

travelling load in the middle of the first panel which we have heretofore 
used. To ascertain how much of the truss must be successively loaded to 
•cause the maximum shear in each panel, change the value of x by dividing 
-out the common factor h' = h" and making substitutions, 

al al np I I 



l^(h^a) l-^p HJp^p N — 1 

If, therefore, the span is divided into N — 1 equal parts, the maximum 
-shear in any panel will occur when the load extends up to the division in 
-that panel, as shown in Fig. 37, and it will equal the ordinate to the parab- 
ola at that point. To the above expression for F must be added the shear 
for steady load. It is to be measured in the middle of the panel, as here- 
tofore ; and the two ordinates must, therefore, be measured separately. 

If the truss is parabolic, the height A, at any point, will be, if k equals 
the rise at the middle, 

-and we obtain by substitution, making a/ = a or 5, as required, 
H'^H'Ymax^-*^^' ^ i (l-a) b (l^b)^(l;^b) a (l^a) J 

_t(//« ( h-^a } _u/ P p _ w'P 1 
"^ Sk ib + l-^ai '~ Sk ' l+p Sk 'N-fT 

which is a constant quantity, as in the earlier investigation of the bowstring 
;girder, w' in that case denoting a panel weight. 
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If the value of x is again reduced for this truss to obtain the extent of 
load to cause the maximum shear in each panel, it becomes 

where the distance h exceeds a one panel length. If, then, the span oi 
Fig. 88 is divided into N-|- 1 equal parts, the load, when extending up to 
the successive points of division, will give the maximum stress in the 
diagonal which crosses the head of the load. A diagram can therefore 

be constructed, as before, of the constant panel length —-__—_, bf ' 
whidi to obtain the diagonal stresses. 
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JOHN WILEY & SONS. 
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London: CHAPMAIST & HALL, Limited, 



ARRANGED UNDER SUBJECTS. 



Descriptive circulars sent on application. 

Books marked with an asterisk are sold at net prices only. 

All books are bound in cloth unless otherwise stated. 



AGRICULTURE. 

Cattle Feeding— Dairy Practice — Diseases of Animals — 

Gardening, Etc. 

Armsby's Manual of Cattle Feeding 12mo, f 1 75r 

Downing's Fruit and Fruit Trees 8vo, 5 00- 

Grotenfelt'8 The Principles of Modern Dairy Practice. (Woll.) 

12mo, 2 OO 

Kemp's Landscape Gardening 12mo, 2 50 

Loudon's Gardening for Ladies. (Downing.) 12mo, 1 50 

Maynard's Landscape Gardening 12mo, 1 50 

Steel's Treatise on the Diseases of the Dog 8vo, 3 50 

'* Treatise on the Diseases of the Ox ;8vo, 6 00 

Stockbridge's Rocks and Soils 8vo, 2 50 

WoU's Handbook for Farmers and Dairymen 12mo, 1 50/ 

ARCHITECTURE. 

Building — Carpentry— Stairs — Ventilation — Law, Etc. 

Berg's Buildings and Structures of American Railroads 4to, 7 50 

Birkmire's American Theatres — Planning and Construction. 8vo, 3 00 

Architectural Iron and Steel 8vo, 3 50 

Compound Riveted Girders 8vo, 2 OO 

Skeleton Construction in Buildings 8vo, 3 OO 
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Sirkmlre's PlanniDg and Oonstruction of High Office Buildings. 

8vo, 

Biiggs' Modern Am. School Building 8vo, 

Carpenter's Heating and Ventilating of Buildings 8vo. 

Freitag's Architectural Engineering 8vo, 

The Fireprooflng of Steel Buildings 8vo, 

Gerhard's Sanitary House Inspection 16mo, 

*' Theatre Fires and Panics 12mo, 

Hatfield's American House Carpenter 8vo, 

Holly's Carpenter and Joiner 18nio, 

Kidder's Architect and Builder's Pocket-book. . . 16mo, morocco, 

Merrill's Stones for Building and Decoration 8vo, 

Monckton's Stair Building — Wood, Iron, and Stone 4to, 

TVait's Engineering and Architectural Jurisprudence 8vo, 

Sheep, 
Worcester's Small Hospitals — Establishment and Maintenance, 
including Atkinson's Suggestions for Hospital Archi- 
tecture 12mo, 

World's Columbian Exposition of 1898 Large 4to, 

ARMY, NAVY, Etc. 

MlIilTABY ENGINKKRING—ORDNANCfi — LaW, EtC. 

Bourne's Screw Propellers 4to, 

*Bruff's Ordnance and Gunnery 8vo, 

Chase's Screw Propellers 8vo, 

Cooke's Naval Ordnance 8vo, 

Cronkhite's Gunnery for Non-com. Officers 82mo, morocco, 

■* Davis's Treatise on Military Law 8vo, 

Sheep, 

* " Elements of Law 8vo, 

De Brack's Cavalry Outpost Duties. (Carr.). . . .32mo, morocco, 
Dietz's Soldier's First Aid 16mo, morocco, 

* Dredge's Modern French Artillery Large 4to, half morocco, 

*' Record of the Transportation Exhibits Building, 

World's Columbian Exposition of 1898.. 4to, half morocco, 

Durand's Resistance and Propulsion of Ships 8vo, 

Dyer's Light Artillery 12mo, 

Hoff's Naval Tactics 8vo, 
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8 00 


12 50 


2 00 


7 00 


7 50 


2 50 


2 00 


1 25 
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♦Ingalls's Ballistic Tables 8vo, $1 50 

Handbook of Problems in Direct Fire 8vo, 4 00 

Mahau's Permanent Fortifications. (Mercur.).8vo, half morocco, 7 50 

* Mercur's Attack of Fortified Places 12mo, 2 00 

* " Elements of the Art of War 8vo, 4 00 

Metcalfe's Ordnance and Gunnery 12mo, with Atlas, 5 00 

Murray's A Manual for Courts-Martial 16mo, morocco, 1 50 

*' Infantry Drill Regulations adapted to the Springfield 

Rifle, Caliber .45 82mo, paper, 10 

* Phelps's Practical Marine Surveying 8vo, 2 50 

Powell's Army Ofllcer's Examiner 12mo, 4 00 

Sharpe's Subsisting Armies 32mo, morocco, 1 50 

Very's Navies of the World 8vo, half morocco, 3 50 

Wheeler's Siege Operations 8vo, 2 00 

Wiuthrop's Abridgment of Military Law 12mo, 2 50 

Woodhull's Notes on Military Hygiene 16mo, 1 50 

Young's Simple Elements of Navigation 16mo, morocco, 2 00 

** •• " " " first edition 100 

ASSAYING. 

Smelting — Ore Dressing— Alloys, Etc. 

Fletcher's Quant. Assaying with the Blowpipe.. 16mo, morocco, 1 50 

Furman's Practical Assaying 8vo, 8 00 

Kunhardt's Ore Dressing 8vo, 1 60 

O'Driscoll's Treatment of Oold Ores 8vo, 2 00 

Ricketts and Miller's Notes on Assaying 8vo, 8 00 

Thurston's Alloys, Brasses, and Bronzes 8vo, 2 50 

Wilson's Cyanide Processes 12mo,« 1 50 

The Chlorination Process 12mo, 1 50 
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ASTRONOMY. 

Practical, Theoretical, and Descriptive. 

Craig's Azimuth , 4to, 8 50 

Doolittle's Practical Astronomy 8vo, 4 00 

Gore's Elements of Geodesy 8vo, 2 50 

Hayford's Text-book of Geodetic Astronomy 8vo. 8 00 

* Michie and Harlow's Practical Astronomy 8vo, 3 00 

♦White's Theoretical and Descriptive Astronomy 12mo, 2 00 
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BOTANY. 

Gardening for Ladies, Etc. 

Baldwin's Orchids of New England Small 8vo, |1 50 

Loudon's Gardening for Ladies. (Downing.) 12mo, 1 50 

Thome*s Structural Botany 16mo, 2 25- 

Westermaier's General Botany. (Schneider.) 8vo, 2 00 

BRIDGES, R00F5, Etc. 

Cantilever— Draw— Highway — Suspension. 

{See also Engineering, p. 8.) 

Boiler's Highway Bridges .8vo, 2 00 

* " The Thames River Bridge 4to, paper, 5 00 

Burr's Stresses in Bridges 8vo, 3 50 

Crehore's Mechanics of the Girder 8vo, 5 00 

Dredge's Thames Bridges 7 parts, per part, 1 25- 

Du Bois's Stresses in Framed Structures Small 4to, 10 00 

Foster's Wooden Trestle Bridges 4to, 5 00 

Greene's Arches in Wood, etc 8vo, 2 50 

Bridge Trusses 8vo, 2 50- 

Roof Trusses • 8vo, 1 25 

Howe's Treatise on Arches 8vo, 4 00 

Johnson's Modern Framed Structures Small 4to, 10 00 

Merriman & Jacoby's Text-book of Roofs and Bridges. 

Part L, Stresses 8vo, 2 50- 

Merriman & Jacoby's Text-book of Roofs and Bridges. 

Part II., Graphic Statics. 8vo, 2 00 

Merriman & Jacoby's Text-book of Roofs and Bridges. 

Part III., Bridge Design 8vo, 2 50 

Merriman & Jacoby's Text- book of Roofs and Bridges. 

Part IV., Continuous, Draw, Cantilever, Suspension, and 

Arched Bridges 8vo, 2 50 

* Morison's The Memphis Bridge Oblong 4to, 10 00 

Waddell's Iron Highway Bridges 8vo, 4 00 

" De Pontibus (a Pocket-book for Bridge Engineers). 

16mo, morocco, 3 00 

Wood's Construction of Bridges and Roofs. . . .' 8vo, 2 00 

Wright's Designing of Draw Spans. Parts I. and II..8vo, each 2 50 

" " " " " Complete 8vo, 3 50^ 

4 



« ( 



it 



CHEMISTRY— BIOLOGY-PHARMACY. 

Qualitative — Quantitative — Organic — Inorganic, Etc. 

Adriauce's Laboratory Calculations 12mo, f 1 25 

Allen's Tables for Iron Analysis 8vo, 3 00 

Austen's Notes for Chemical Students 12mo, 1 50 

Bolton's Student's Guide in Quantitative Analysis 8vo, 1 50 

Boltwood's Elementary Electro Chemistry {In the press.) 

•Classen's Analysis by Electrolysis. (HerrickandBoltwood.).8vo, 8 00 

Cohn's Indicators and Test-papers 12mo 2 00 

Crafts's Qualitative Analysis. (Schaeffer.) 12mo, 1 50 

Davenport's Statistical Methods with Special Reference to Bio- 
logical Variations 12mo, morocco, 1 25 

Drechsel's Chemical Reactions. (Merrill.) 12mo, 1 25 

Fresenius's Quantitative Chemical Analysis. (Allen.) 8vo, 6 00 

Qualitative *' ** (Johnson.) 8vo, 3 00 

(Wells.) Trans. 

16th German Edition 8vo, 5 00 

Fuertes's Water and Public Health 12mo^ 1 50 

Gill's Gas and Fuel Analysis. 12mo, 1 25 

Hammarsten's Physiological Chemistry. (Mandel.) 8vo, 4 00 

Helm's Principles of Mathematical Chemistry. (Morgan). 12mo, 150 

Kolbe's Inorganic Chemistry 12mo, 1 50 

Ladd's Quantitative Chemical Analysis '. 12mo, 1 00 

Landauer's Spectrum Analysis. (Tingle.) 8vo, 3 00 

Lob's Electrolysis and Electrosynthesis of Organic Compounds. 

(Lorenz.) 12mo, 1 00 

M&ndel's Bio-chemical Laboratory 12mo, 1 50 

Mason's Water-supply 8vo, 5 00 

** Examination of Water ...12mo, 1 25 

Meyer's Radicles in Carbon Compounds. (Tingle.) {In the press.) 

Miller's Chemical Physics 8vo, 2 00 

Mixter's Elementary Text-book of Chemistry 12mo, 1 50 

Morgan's The Theory of Solutions and its Results 12mo, 1 00 

' * Elements of Physical Chemistry 12mo, 2 00 

Nichols's Water-supply (Chemical and Sanitary) 8vo, 2 50 

O'Brine's Laboratory Guide to Chemical Analysis 8vo, 2 00 

Perkins's Qualitative Analysis 12mo, 1 00 

Pinner's Organic Chemistry. (Austen.) 12mo, 1 50 
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Poole's Calorific Power of I'liels 8vo, |3 00 

Ricketts and Russell's Notes on Inorganic Chemistry (Non- 
metallic) Oblong 8vo, morocco, 

Ruddiman's Incompatibilities in Prescriptions 8vo, 

Schimpf's Volumetric Analysis 12mo, 

Sfjencer's Sugar Manufacturer's Handbook 16mo, morocco, 

" Handbook for Chemists of Beet Sugar Houses. 

16mo, morocco, 

Stockbridge's Rocks and Soils 8vo, 

* Tillman's Descriptive General Chemistry 8vo, 

Van Deventer's Physical Chemistry for Beginners. (Boltwood.) 

12mo, 

Wells's Inorganic Qualitative Analysis 12mo, 

'* Laboratory Guide in Qualitative Chemical Analysis. 

8vo, 

Whipple's Microscopy of Drinking-water 8vo, 

Wiechmann's Chemical Lecture Notes 12mo, 

" Sugar Analysis Small 8vo, 

Wulling's Inorganic Phar. and Med. Chemistry 12mo, 

DRAWING. 

Elementary — Geometrical— Mechanical — Topographical. 

Hill's Shades and Shadows and Perspective 8vo, 2 00 

MacCord's Descriptive Geometry 8vo, 3 00 

Kinematics 8vo, 5 00 

Mechanical Drawing 8vo, 4 00 

Mahan's Industrial Drawing. (Thompson.) 2 vols., 8vo, 3 50 

Reed's Topographical Drawing. (H. A.) 4to, 5 00 

Reid's A Course in Mechanical Drawing 8vo. 2 00 

" Mechanical Drawing and Elementary Machine Design. 

8vo. {In the press. ) 

Smith's Topographical Drawing. (Macmillan.) 8vo, 2 50 

Warren's Descriptive Geometry 2 vols;, 8vo, 3 50 

Drafting Instruments 12mo, 1 25 

Free-hand Drawing 12mo, 1 OO 

Linear Perspective 12mo, 1 00 

Machine Construction 2 vols., 8vo, 7 50 
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Warren's Plane Problems 12mo, $1 25 

Primary Geometry 12mo, 75 

Problems and Theorems 8vo, 2 50 

Projection Drawing 12mo, 1 50 

Warren's Shades and Shadows 8vo, 3 00 

•* Stereotomy— Stone-cutting 8vo, 2 60 

Whelpley's Letter Engraving 12mo, 2 GO 

ELECTRICITY AND MAGNETISM. 

Illumination— Batteries— Physics — Railways. * 

Anthony and Brackett's Text- book of Physics. (Magie.) Small 

Svo, 3 00 

Anthony's Theory of Electrical Measurements 12mo, 1 00 

Barker's Deep-sea Soundings Svo, 2 00 

Benjamin's Voltaic Cell Svo, 3 00 

History of Electricity Svo, 3 00 

Classen's Analysis by Electrolysis. (Herrick and Boltwood.) 8vo, 3 OO 

Cosmic Law of Thermal Repulsion 12mo, 75 

Crehore and Squier's Experiments with a New Polarizing Photo- 
Chronograph Svo, 3 00- 

Dawson's Electric Railways and Tramways. Small, 4to, half 

morocco, 

* Dredge's Electric Illuminations 2 vols., 4to, half morocco, 

Vol. II 4to, 

Gilbert's De maguete. (Mottelay.) Svo, 

Holmau's Precision of Measurements Svo, 

" Telescope-mirror-scale Method Large Svo, 

Lob's Electrolysis and Electrosynthesis of Organic Compounds. 

(Lorenz.) 12mo, 

*Michie's Wave Motion Relating to Sound and Light Svo, 

Morgan's The Theory of Solutions and its Results 12mo, 

Niaudet's Electric Batteries. (Fishback.) 12mo, 

Pratt and Alden's Street-railway Road-beds Svo, 

Reagan's Steam and Electric Locomotives 12mo, 

Thurston's Stationary Steam Engines for Electric Lighting Pur- 
poses Svo, 

♦Tillman's Heat Svo, 
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ENQINEERING. 

Civil — Mechanical— Sanitary, Etc. 

'{See also Buidoeb, p. 4 ; Hydraulics, p. 9 ; Materials op En- 
gineering, p. 10 ; Mechanics and Machinery, p. 12 ; Steam 
Engines and Boilers, p. 14.) 

Baker's Masonry Construction 8vo, $5 00 

'* Surveying Instruments 12mo, 3 00 

Black's U. S. Public Works Oblong 4to, 5 00 

Brooks's Street-railway Location 16mo, morocco, 1 50 

Butts's Civil Engineers' Field Book 16mo, morocco, 2 50 

Byrne's Highway Construction 8vo, 5 00 

" Insi^ection of Materials and Workmanship 16mo, 8 00 

Carpenter's Experimental Engineering 8vo, 6 00 

Church's Mechanics of Engineering— Solids and Fluids. .. .8vo, 6 00 

" Notes and Examples in Mechanics 8vo, 2 00 

€randairs Earthwork Tables 8vo, 1 50 

• ' The Transition Curve 16mo, morocco, 1 50 

♦Dredge's Penn. Railroad Construction, etc. Large 4to, 

half morocco, 20 00 

* Drinker's Tunnelling 4to, half morocco, 25 00 

Eissler's Explosives — Nitroglycerine and Dynamite 8vo, 4 00 

Folwell's Sewerage 8vo, 3 00 

Fowler's Coffer-dam Process for Piers 8vo. 2 50 

Oerhard's Sanitary Hopse Inspection 12mo, 1 00 

Godwin's Railroad Engineer's Field-book 16mo, morocco, 2 50 

Oore's Elements of Geodesy 8vo, 2 50 

Howard's Transition Curve Field-book 16mo, morocco, 1 50 

Howes Retaining Walls (New Edition.) 12mo, 1 25 

Hudson's Excavation Tables. Vol. II 8vo, 1 00 

Hutton's Mechanical Engineering of Power Plants 8vo, 5 00 

'* Heat and Heat Engines 8vo, 5 00 

Johnson's Materials of Construction Large 8vo, 6 00 

Stadia Reduction Diagram, .Sheet, 22^ X 28 J inches, 50 

Theory and Practice of Surveying Small 8vo, 4 00 

Kent's Mechanical Engineer's Pocket-book 16mo, morocco, 5 00 

Kiersted's Sewage Disposal 12mo, 1 25 

Mahan's Civil Engineering. (Wood.) 8vo, 5 00 

Merriman and Brook's Handbook for Surveyors 16mo, mor., 2 00 

Merriman's Precise Surveying and Geodesy 8vo, 2 50 

Retaining Walls and Masonry Dams 8vo, 2 00 

Sanitary Engineering 8vo, 2 00 

Nagle's Manual for Railroad Engineers 16mo, morocco, 3 00 

Ogden's Sewer Design 12mo, 2 00 

Patton's Civil Engineering 8vo, half morocco, 7 50 
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Patton's Foundations 8vo, 

Pratt and Alden*s Street-railway Road-beds 8vo, 

Rockwell's Roads and Pavements in France 12mo, 

Searles's Field Engineering 16mo, morocco, 

" Railroad Spiral 16mo, morocco, 

Siebert and Biggin's Modern Stone Cutting and Masonry. . .8vo, 

Smart's Engineering Laboratory Practice 12mo, 

Smith's Wire Manufacture and Uses Small 4to, 

Spalding's Roads and Pavements 12mo, 

** Hydraulic Cement 12mo, 

Taylor's Prism oidal Formulas and Earthwork 8vo, 

Thurston's Materials of Construction 8vo, 

* Trautwiue's Civil Engineer's Pocket-book 16mo, morocco, 

* * *' Cross-section ^ . . . . Sheet, 

* *' Excavations and Embankments 8vo, 

* *' Laying Out Curves 12mo, morocco, 

Waddell's De Pontibus (A Pocket-book for Bridge Engineers). 

16mo, morocco. 

Wait's Engineering and Architectural Jurisprudence 8vo, 

Sheep, 

" Law of Field Operation in Engineering, etc 8vo. 

Warren's Stereotomy — Stone-cutting 8vo, 

Webb's Engineering Instruments. New Edition. 16mo, morocco, 

Wegmann's Construction of Masonry Dams 4to, 

Wellington's Location of Railways Small 8vo, 

Wheeler's Civil Engineering 8vo, 

Wolff's Windmill as a Prime Mover 8vo, 



HYDRAULICS. 

Water- WHBELS — Windmills— Service Pipe — Drainage, Etc. 

{See also Engineering, p. 8.) 

Bazin's Experiments upon the Contraction of the Liquid Vein. 

(Trauiwine. ) 8vo, 2 00 

Bovey's Treatise on Hydraulics 8vo, 4 00 

Coffin's Graphical Solution of Hydraulic Problems 12mo, 3 50 

Ferrel's Treatise on the Winds, Cyclones, and Tornadoes. . .8vo, 4 00 

Fuertes's Water and Public Health 12mo, 1 50 

Ganguillet & Kutter's Flow of Water. (Hering & Trautwine.) 

8vo, 4 00 

Hazen's Filtration of Public Water Supply 8vo, 2 00 

Herschel's 115 Experiments 8vo, 2 00 

Kiersted's Sewage Disposal 12mo, 1 25 
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Masod's Water Supply 8vo, 

" Examination of Water 12mo, 

Merrimau's Treatise on Hydraulics 8vo, 

Nichols's Water Supply (Chemical and Sanitary) 8vo, 

Wegmaun's Water Supply of the City of New York 4to, 

Weisbach's Hydraulics. (Du Bois.) 8vo, 

Whipple's Microscopy of Drinking Water 8vo, 

Wilson's Irrigation Engineering 8vo, 

' * Hydraulic and Placer Mining 12mo, 

Wolff's Windmill as a Prime Mover 8vo, 

Wood's Theory of Turbines 8vo, 

MANUFACTURES. 

Boilers— Explosiveb—Iron — Steel— Sugar — ^Woollens, Etc. 

Allen's Tables for Iron Analysis 8vo, 8 00 

Beaumont's Woollen and Worsted Manufacture 12mo, 1 50 

Bolland's Encyclopaedia of Founding Terms 12mo, 8 00 

The Iron Founder 12mo, 2 50 

" •• *' " Supplement 12mo, 2 50 

Bouvier's Handbook on Oil Painting 12mo, 2 00 

Eissler's Explosives, Nitroglycerine and Dynamite 8vo, 4 00 

Ford's Boiler Making for Boiler Makers 18mo, 1 00 

Metcalfe's Cost of Manufactures 8vo, 5 00 

Metcalf 's Steel— A Manual for Steel Users 12mo, 2 00 

* Reisig's Guide to Piece Dyeing 8vo, 25 00 

Spencer's Sugar Manufacturer's Handbook . . . .16mo, morocco, 2 00 
" Handbook for Chemists of Beet Sugar Houses. 

16mo, morocco, 3 00 

Thurston's Manual of Steam Boilers 8vo, 5 00 

Walke's Lectures on Explosives 8vo, 4 00 

West's American Foundry Practice 12mo, 2 50 

•♦ Moulder's Text-book 12mo, 2 50 

Wiechmaun's Sugar Analysis Small 8vo, 2 50 

Woodbury's Fire Protection of Mills 8vo, 2 50 

MATERIALS OF ENQINEERINQ. 

Strength — Elasticity — Resistance, Etc. 
(See also Engineering, p. 8.) 

Baker's Masonry Construction 8vo, 6 00 

Beardslee and Kent's Strength of Wrought Iron 8vo, .1 50 

Bovey's Strength of Materials 8vo, 7 50 

Burr's Elasticity and Resistance of Materials 8vo, 5 00 

Byrne's Highway Construction 8vo, 5 00 
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Church's Mechanics of EngineeriDg — Solids and Fluids 8vo, |6 00 

Du Bois's Stresses in Framed Structures Small 4to, 10 00 

Johnson's Materials of Construction 8vo, 6 00 

Lanza's Applied Mechanics 8vo, 7 50 

Martens's Testing Materials. (Henning.) 2 vols., Bvo, 7 50 

Merrill's Stones for Building and Decoration 8vo, 5 00 

Merriman's Mechanics of Materials 8vo, 4 00 

Strength of Materials 12mo, 1 00 

Patton's Treatise on Foundations 8vo, 5 00 

Rockwell's Roads and Pavements in France 12mo, 1 25 

Spalding's Roads and Pavements 12mo, 2 00 

Thurston's Materials of Construction 8vo, 5 00 

" Materials of Engineering 8 vols., 8vo, 8 00 

Vol. I., Non-metallic 8vo, 3 00 

Vol. II., Iron and Steel 8vo, 3 50 

Vol. III., Alloys, Brasses, and Bronzes 8vo, 2 50 

Wood's Resistance of Materials 8vo, 2 00 

MATHEMATICS. 

Calculus— Geometry — Trigonometry, Etc. 

Baker's Elliptic Functions 8vo, 1 50 

Ballard's Pyramid Problem 8vo, 1 50 

Barnard's Pyramid Problem 8vo, 1 50 

*Bass's Differential Calculus 12mo, 4 00 

Briggs's Plane Analytical Geometry 12mo, 1 00 

Chapman's Theory of Equations 12mo, 1 50 

Comptou's Logarithmic Computations 12mo, 1 50 

Davis's Introduction to the Logic of Algebra 8vo, 1 50 

Halsted's Elements of Geometry c..8vo, 1 75 

" Synthetic Geometry 8vo, 150 

Johnson's Curve Tracing ,12mo, 1 00 

** Differential Equations— Ordinary and Partial. 

Small 8vo, 8 50 

** Integral Calculus 12mo, 150 

Unabridged. Small 8vo. 

{In the press.) 

" Least Squares 12mo, 1 50 

*Ludlow's Logarithmic and Other Tables. (Bass.) 8vo, 2 OO 

* ' • Trigonometry with Tables. (Bass.) 8vo, 3 00 

*Mahan's Descriptive Geometry (Stone Cutting) 8vo, 1 50 

Merrimau and Woodward's Higher Mathematics 8vo, 5 00 

Merriman's Method of Least Squares 8vo, 2 00 

Parker's Quadrature of the Circle 8vo, 2 50 

Rice and Johnson's Differential and Integral Calculus, 

2 vols, in 1, small 8vo, 2 50 
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Rice aud Jobuson's Differential Calculus Small 8vo, |d 00 

" Abridgment of Differential Calculus. 

Small 8vo, 1 50 

Totten's Metrology 8vo, 2 50 

"Warren's Descriptive Geometry 2 vols., Svo, 3 50 

** Drafting Instruments 12mo, 125 

" Free-band Drawing 12mo, 1 00 

** Linear Perspective 12mo, 1 00 

** Primary Geometry 12mo, 75 

*' Plane Problems 12mo, 1 25 

" Problems and Theorems .8vo, 2 50 

** Projection Drawing 12mo, 1 50 

"Wood's Co-ordinate Geometry Svo, 2 00 

'* Trigonometry 12mo, 1 00 

"Woolf's Descriptive Geometry Large 8vo, 8 00 

MECHANICS-MACHINERY. 

Tkxt-books and Practical Works. 

{See also Engineering, p. 8.) 

Baldwin's Steam Heating for Buildings 12mo, 3 50 

Barr's Kinematics of Machinery Svo, 

Benjamin's Wrinkles and Recipes 12mo, 

Cbordal's Letters to Mecbanics 12mo, 

Church's Mecbanics of Engineering Svo, 

'' Notes and Examples in Mechanics Svo, 

Crehore's Mechanics of the Girder Svo, 

Cromwell's Belts and Pulleys 12mo, 

** Toothed Gearing 12mo, 

Compton*s First Lessons in Metal Working 12mo, 

Compton and De Groodt's Speed Lathe 12mo, 

Dana's Elementary Mechanics 12mo, 

Dingey's Machinery Pattern Making 12mo, 

Dredge's Trans. Exhibits Building, World Exposition. 

Large 4to, half morocco, 
Du Bois's Mechanics. "Vol. I., Kinematics Svo, 

•* " Vol. IL, Statics Svo, 

Vol. III., Kinetics Svo, 

Fitzgerald's Boston Machinist ISmo, 

Flatber's Dynamometers .• 12mo, 

" Rope Driving. 12mo, 

Hall's Car Lubrication 12mo, 

Holly's Saw Filing ISmo, 

Johnson's Theoretical Mechanics. An Elementary Treatise. 
{In the press,) 

Jones's Machine Design. Part I., Kinematics Svo, 1 60 
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Jones's Machine Design. Part II., Strength and Proporiiou of 

Machine Parts 8vo, $3 OO 

Lanza's Applied Mechanics 8vo, 7 50 

MacCord's Kinematics 8vo, 5 00 

Merriman's Mechanics of Materials 8vo, 4 OO 

Metcalfe's Cost of Manufactures 8vo, 5 00 

♦Michie's Analytical Mechanics 8vo, 4 00 

Richards's Compressed Air 12mo, 1 50 

Robinson's Principles of Mechanism 8vo, 3 00 

Smith's Press-working of Metals 8vo, 3 00 

Thurston's Friction and Lost Work 8vo, 3 00 

'* The Animal as a Machine 12mo, 1 00 

Warren's Machine Construction .2 vols., 8vo, 7 50 

Weisbach's Hydraulics and Hydraulic Motors. (Du Bois.)..8vo, 5 00 
*• Mechanics of Engineering. Vol. III., Part I., 

Sec. L (Kleiu.) 8vo, 5 00- 

Weisbach's Mechanics of Engineering. Vol. III., Part I., 

Sec. IL (Kleiu.) 8vo, 5 00 

Weisbach's Steam Engines. (Du Bois.) 8vo, 5 00- ' 

Wood's Analytical Mechanics 8vo, 3 OO 

Elementary Mechanics 12mo, 1 25 

Supplement and Key 12m6. 1 25- 
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METALLURGY. 

Iron— Gold— SiLVBR— Alloys, Etc. 

Allen's Tables for Iron Analysis 8vo, 3 OO 

Egleston's Gold and Mercury Large 8vo, 7 60 

" Metallurgy of Silver Large 8vo, 7 50 

* Kerl's Metallurgy — Copper and Iron 8vo, 15 00 

* •' •• Steel, Fuel, etc 8vo, 15 OO 

Kunhardt's Ore Dressing in Europe 8vo, 1 50 

Metcalf's Steel— A Manual for Steel Users 12mo, 2 00 

O'Driscoll's Treatment of Gold Ores , 8vo, 2 OO 

Thui*ston's^ Iron and Steel 8vo, 3 50 

Alloys 8vo. 2 50 

Wilson's Cyanide Processes ;12mo, 1 50 

MINERALOGY AND MINING. 

Mike Accidents— Ventilation— Ore Dressing, Etc. 

Barringer's Minerals of Commercial Value Oblong morocco, 2 50 

Beard's Ventilation of Mines 12mo, 2 50 

Boyd's Resources of South Western Virginia .8vo, 3 00 

** Map of South Western Virginia Pocket-book form, 2 00 

Brush and Penfield's Determinative Mineralogy. New Ed. 8vo, 4 OO 
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Chester's Catalogue of Miueials 8vo, 

Paper, 

** Dictionary of the Names of Minerals 8vo, 

Dana's American Localities of Minerals .Large 8vo, 

" Descriptive Mineralogy (E.S.) Largie8vo. half morocco, 
" First Appendix to System of Mineralogy, . . . Large 8vo, 

" Mineralogy and Petrography. (J. D.) 12mo, 

" Minerals and How to Study Them. (E. S.) 12mo, 

" Text-book of Mineralogy. (E. S.).. .New Edition. 8vo, 

* Drinker's Tunnelling, Explosives, Compounds, and Rock Drills. 

4to, half morocco, 

Egleston's Catalogue of Minerals and Synonyms 8vo, 

Eissler's Explosives — Nitroglycerine and Dynamite 8vo, 

Hussak's Rock- forming Minerals. (Smith.) Small 8vo, 

Ihlseng's Manual of Mining 8vo, 

Kunhardt's Ore Dressing in Europe 8vo, 

O'Driscoll's Treatment of Gold Ores 8vo, 

* Penfield's Record of Mineral Tests Paper, 8vo, 

Rosenbusch's Microscopical Physiography of Minerals and 

Rocks. (Iddlngs.) 8vo, 

Sawyer's Accidents in Mines Large 8vo, 

Stockbridge's Rocks and Soils 8vo, 

Walke's Lectures on Explosives 8vo, 

"Williams's Lithology 8vo, 

Wilson's Mine Ventilation 12mo, 

" Hydraulic and Placer Mining 12mo, 

STEAM AND ELECTRICAL ENGINES, BOILERS, Etc. 

Station AKY— Marine— LocoMOTivB — Gas Engines, Etc. 

{See also EnoinberiNO, p. 8.) 

Baldwin's Steam Heating for Buildings 12mo, 2 50 

Clerk's Gas Engine Small 8vo, 4 00 

Ford's Boiler Making for Boiler Makers 18mo, 1 00 

Hemenway 's Indicator Practice 12mo, 2 00 

Hoadley's Warm-blast Furnace 8vo, 1 50 

Knenss's Practice and Theory of the Injector 8vo, 1 50 

MacCord's Slide Valve 8vo, 2 00 

Meyer's Modern Locomotive Construction 4to, 10 00 

Peabody and Miller's Steam-boilers 8vo, 4 00 

Peabody's Tables of Saturated Steam 8vo, 1 00 

Thermodynamics of the Steam Engine 8vo, 5 00 

Valve Gears for the Steam Engine. . . .'. 8vo, 2 50 

Pray's Twenty Years with the Indicator. Large 8vo, 2 50 

Pupin and Osterberg's Thermodynamics 12mo, 1 25 
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Reagan's Sleam and Electric Locomotives 12mo, f 2 00 

BOutgen's Thermodynamics. (Du Bois. ) 8vo, 5 00 

Sinclair's Locomotive Running 12mo, 2 00 

Snow's Steam-boiler Practice 8vo. {In tJie press.) 

Thurston's Boiler Explosions 12mo> 1 50 

Engine and Boiler Trials 8vo, 5 00 

Manual of the Steam Engine. Part I., Structure 

and Theory 8vo, 6 00 

Manual of the Steam Engine. Part II., Design, 

Construction, and Operation. 8vo, 

2 parts, 

Thurston's Philosophy of the Steam Engine 12mo, 

'* Reflection on the Motive Power of Heat. (Carnot.) 

12mo, 

Stationary Steam Engines 8vo, 

Steam-boiler Construction and Operation 8vo, 

Spangler*s Valve Gears 8vo, 

Weisbach's Steam Engine. (Du Bois.) 8vo, 

Whitham's Constructive Steam Engineering 8vo, 

" Steam-engine Design 8vo, 

Wilson's Steam Boilers. (Flather.) 12mo, 

Wood's Thermodynamics, Heat Motors, etc 8vo, 

TABLES, WEIGHTS, AND MEASURES. 

For Actuaries, Chsmists, Engineers, Mechanics— Metric 

Tables, Etc. 

Adriance's Laboratory Calculations 12mo, 1 25 

Allen's Tables for Iron Analysis 8vo, 8 00 

Bixby's Graphical Computing Tables Sheet, 25 

Compton's Logarithms 12mo, 1 50 

Crandall's Railway and Earthwork Tables 8vo, 1 50 

Egleston's Weights and Measures 18mo, 75 

Fisher's Table of Cubic Yards Cardboard, 25 

Hudson's Excavation Tables. Vol. II 8vo, 1 00 

Johnson's Stadia and Earthwork Tables 8vo, 1 25 

Ludlow's Logarithmic and Other Tables. (Bass.) 12mo, 2 00 

Totteu's Metrology 8vo, 2 50 

VENTILATION. 

Steam Heating — House Inspection — Mine Ventilation. 

Baldwin's Steam Heating 12mo, 2 50 

Beard's Ventilation of Mines 12mo, 2 50 

Carpenter's Heating and Ventilating of Buildings 8vo, 3 00 

Gerhard's Sanitary House Inspection 12mo, 1 00 

Reid's Ventilation of American Dwellings 12mo, 1 50 

Wilson's Mine Ventilation 12mo, 1 25 
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MISCELLANEOUS PUBLICATIONS. 

Alcott's Gems, Sentiment, Language Gilt edges, $5 00 

Bailey's The New Tale of a Tub : 8vo, 75 

Ballard's Solution of the Pyramid Problem 8vo, 1 50 

Barnard's The Metrological System of the Great Pyramid. .8vo, 1 50 

Davis's Elements of Law 8vo, d 00 

Emmou's Geological Guide-book of the Rocky Mountains. .8vo, 1 50 

Ferrel's Treatise on the Winds 8vo, 4 00 

Haines's Addresses Delivered before the Am. Ry. Assn. ..12mo. 2 50 

Mott's The Fallacy of the Present Theory of Sound. .Sq. 16mo, 1 00 

Ricketls's History of Rensselaer Polytechnic Institute.. . . 8vo, 8 00 
Rotherham's The New Testament Critically Emphasized. 

12mo, 1 50 
** The Emphasized New Test. A new translation. 

Large 8vo, 2 00 

Totten's An Important Question in Metrology 8vo, 2 50 

Whitehouse's Lake Mceris Paper, 25 

* Wiley's Yosemite, Alaska, and Yellowstone 4to, 8 00 

HEBREW AND CHALDEE TEXT-BOOKS. 

FoK Schools attd Theological Seminaries. 

Gesenius's Hebrew and Chaldee Lexicon to Old Testament. 

(Tregelles.) Small 4to, half morocco, 5 00- 

Green's Elementary Hebrew Grammar 12mo, 1 25 

Grammar of the Hebrew Language (New Edition). 8vo, 3 00 

Hebrew Chrestomathy 8vo, 2 00 

Letteris's Hebrew Bible (Massoretic Notes in English). 

8vo, arabesque, 2 25 

MEDICAL. 

Bull's Maternal Management in Health and Disease 12mo, 1 00 

Hammarsteu's Physiological Chemistry. (Maudcl.) 8vo, 4 00 

Mott's Composition, Digestibility, and Nutritive Value of Food. 

Large mounted chart, 1 25 

Ruddiman's Incompatibilities in Prescriptions 8vo, 2 00 

Steel's Treatise on the Diseases of the Ox 8vo, 6 00 

Treatise on the Diseases of the Dog 8vo, 3 50 

Woodbull's Military Hygiene 16mo, 1 50 

Worcester's Small Hospitals — Establishment and Maintenance, 
including Atkinson's Suggestions for Hospital Archi- 
tecture 12m0f 1 25- 
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